BEST AVAILABLE COPv" 



CM 
< 

cn 
o 

CM 



CL 
LU 



(19) 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 





(12) 



(11) EP1 209 497 A2 

EUROPEAN PATENT APPLICATION 



(43) Date of publication: 

29.05.2002 Bulletin 2002/22 

(21) Application number: 01126522.0 

(22) Date of filing: 13.11.2001 



(51) int ci 7: G02B 6/22, G02F 1/365, 
H01 S 3/067 



(84) Designated Contracting States: 

AT BE CH CY DE OK ES Fl FR GB GR IE IT LI LU 
MC NL PTSETR 
Designated Extension States: 
AL LT LV MK .RO SI 

(30) Pronly 13.11.2000 JP 2000345377 

(71) Applicant Sumitomo Electric Industries, Ltd. 
Osaka-shi. Osaka 541-0041 (JP) 



(72) 



Inventors: 

Hirano, Masaaki, Sumitomo Electric Ind., Ltd. 
Yokohama-shi, Kanagawa 244-8588 (JP) 
Onishi, Masashi, Sumitomo Electric Ind., Ltd. 
Yokohama-shi, Kanagawa 244-8588 (JP) 
Okuno, Toshiaki, Sumitomo Electric Ind., Ltd. 
Yokohama-shi, Kanagawa 244-8588 (JP) 



(74) Representative: HOFFMANN - EITLE 
Patent- und Rechtsanwalte 
Arabellastrasse 4 
81925 Munchen (DE) 



(54) Nonlinear optical fiber, optical amplifier and wavelength converter using the same, and 
method of making optical fiber 

(57) Employed as a structure of a highly nonlinear 
optical f ocr (nonlinear optical fiber) is a double-cladding 
structure in which a first cladding region (20) and a sec- 
ond cladding region (30) are disposed on the outer pe- 
riphery of a core region (10). Since the double-cladding 
structure is employed, the cutoff wavelength X c can suf- 
ficiently be shortened even when, in order to increase 
the nonlinear coefficient y f the concentration of Ge0 2 
added into ihc core is increased so as to raise the non- 
linear re'ractive index, or the relative refractive index dif- 
ference between the core and cladding is increased so 
as to reduce the effective area A eff . This realizes an op- 
tical liber or nonlinear optical fiber shortening its cutoff 
wavelength while having a sufficient nonlinearity, an op- 
tical amplifier and wavelength converter using the same, 
and a method of making an optical fiber. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001 ] The present invention relates to an optical fiber 
arid a nonlinear optical fiber, an optical amplifier and 
wavelength converter using the same, and a method of 
making an optical fiber. 

Related Background Art 

[0002] In general, it has been known that various non- 
linear optical phenomena such as stimulated Raman ef- 
fect and four-wave mixing occur in a medium when light 
having a high intensity (high optical density) propagates 
through the mediurh. These nonlinear optical phenom- 
ena also occur when light is transmitted through an op- 
tical fiber. Such nonlinear optical phenomena in the op- 
tical fiber can be used for optical amplification, wave- 
length conversion, and the like (see International Publi- 
cation WO99/10770). 

SUMMARY OF THE INVENTION 

[0003] The nonlinearity of an optica! fiber is represent- 
ed by the nonlinear coefficient y in the following expres- 
sion: 

y={2n/X)x(N 2 /A eff ) 

where X is the wavelength of light, N 2 is the nonlinear 
refractive index in the optical fiber at X, and A eff is the 
effective area of the optical fiber at X, This expression 
indicates that the nonlinear coefficient yean be made 
greater if the concentration of Ge0 2 added into the core 
of the optical fiber is enhanced so as to raise the non- 
linear refractive index N 2 while the relative refractive in- 
dex difference between the core and cladding is in- 
creased so as to reduce the effective area A eff . 
[0004] When the configurational condition mentioned 
above is employed so as to increase the nonlinear co- 
efficient y, however, the cutoff wavelength X c of the op- 
tical fiber may become longer. When the four-wave mix- 
ing occurring in the optical fiber is used for carrying out 
wavelength conversion, in particular, it is necessary that 
the wavelength of excitation light be located near the 
zero-dispersion wavelength of the optical fiber. In the 
above-mentioned configuration, by contrast, the cutoff 
wavelength X c becomes longer than the zero-dispersion 
wavelength, so that no single mode can be attained, 
whereby the efficiency of wavelength conversion de- 
creases. 

[0005] In recent years, in order to widen the wave- 
length band of signal light used in optical transmission 
systems, the use of not only the amplification band of 



EDFA usually employed as an optical amplifier, but also 
S band in which wavelength ranges from 1 .45 to 1 .53 
ujti, which is located on the shorter wavelength side of 
the former band, has been under consideration . For the 

5 S band, the EDFA is very difficult to be used since its 
amplification band is outside thereof, whereby few ef- 
fective amplifiers exist. If a Raman amplifier is to be used 
with a highly nonlinear optical fiber, the cutoff wave- 
length X c becomes longer than the wavelength of exci- 

10 tation light, which is about 1 .3 to 1 .5 u.m, whereby the 
efficiency in Raman amplification decreases. 
[0006] For overcoming the foregoing problems, it is 
an object of the present invention to provide an optical 
fiber or nonlinear optical fiber exhibiting a shorter cutoff 

15 wavelength while having a sufficient nonlinearity, an op- 
tical amplifier and wavelength converter using the same, 
and a method of making an optical fiber. 
[0007] For achieving such an object, the optical fiber 
in accordance with the present invention is character- 
's ized in that (1 ) it comprises, at least, a core region having 
a maximum refractive index value of n-,; a first cladding 
region, disposed at an outer periphery of the core re- 
gion, having a minimum refractive index value of n 2 
(where n 2 < n.,); and a second cladding region, disposed 

25 at an outer periphery of the first cladding region, having 
a maximum refractive index value of n 3 (where n 2 < n 3 
< n,); and that (2) it has, as characteristics with respect 
to light having a wavelength of 1 .55 pm, an effective ar- 
ea of 11 u-m 2 or less, a cutoff wavelength X c of at least 

30 0.7 urn but not exceeding 1 .6 u.m at a fiber length of 2 
m, and a nonlinear coefficient of at least 18/W/km. 
[0008] This optica! fiber does not use a single-clad- 
ding structure but a double-cladding structure in which 
first and second cladding regions are disposed at the 

35 outer periphery of the core region. As a consequence, 
the cutoff wavelength X. c can sufficiently be shortened 
even when, in orderto increase the nonlinear coefficient 
y, the concentration of Ge0 2 added into the core is en- 
hanced so as to raise the nonlinear refractive index, or 

40 the relative refractive index difference between the core 
and cladding is increased so as to reduce the effective 
area A eff . Also, this configuration can make the disper- 
sion slope negative. 

[0009] Here, as for the cladding structure, one or more 
45 other cladding regions each having a predetermined re- 
fractive index value and a width may be formed between 
the above-mentioned first and second cladding regions. 
[0010] The nonlinear optical fiber in accordance with 
the present invention is the above-mentioned optical fib- 
so er characterized in that it utilizes a nonlinear optical phe- 
nomenon exhibited when a predetermined wavelength 
of light is fed therein. When the high nonlinearity in the 
optical fiber is actively utilized, a nonlinear optical fiber, 
applicable to various purposes , having a favorable char- 
55 acteristic can be obtained. 

[0011] The optical amplifier in accordance with the 
present invention comprises (a) the above-mentioned 
nonlinear optical fiber having a cutoff wavelength X c \ 
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and (b) an excitation light source for supplying excitation 
light having a predetermined wavelength Xp (where X c 
< Ap) to the nonlinear optical fiber with respect to signal 
light having a wavelength X s fed into the nonlinear opti- 
cal fiber; wherein (c) a nonlinear optical phenomenon 
exhibited in the nonlinear optical fiber is utilized for op- 
tically amplifying the signal light. 
[0012] Thus configured optical amplifier is utilizable 
as a Raman amplifier using the stimulated Raman effect 
occurring in the nonlinear optical fiber. Also, thus con- / 
figured nonlinear optical fiber can make the cutoff wave- 
length X c shorter than the wavelength Xp of the excitation 
light {pumping light) , whereby optical amplification can 
be carried put with a high efficiency in a single mode. 
[0013] The wavelength converter in accordance with u 
the present invention comprises (a) the above-men- 
tioned nonlinear optical fiber having a cutoff wavelength 
A. c ; and (b) an excitation light source for supplying exci- 
tation light having a predetermined wavelength Xp 
(where X c <X p )to the nonlinear optical fiber with respect 2C 
to signal light having a wavelength X s (where \. < X^) 
fed into the nonlinear optical fiber; wherein (c) a nonlin- 
ear optical phenomenon exhibited in the nonlinear opti- 
cal fiber is utilized for converting the wavelength of the 
signal light so as to output converted light having a 25 
wavelength X,' (where ^ < X^). \\ , 

[0014] Thus configured wavelength converter is utilfe- 
able as a wavelength converter using the four-wave mix- 
ing occurring in the nonlinear optical fiber. Also, thus 
configured nonlinear optical fiber can make the cutoff 30 
wavelength X G shorter than each of the wavelengths of 
signal light, converted light, and excitation light, where- 
by wavelength conversion can be carried out with a high 
efficiency in a single mode. Further, the signal light can 
keep a favorable transmission characteristic without be- 35 
ing affected by mode dispersion. 
[0015] The method of making an optical fiber in ac- 
cordance with the present invention comprises (1 ) a first 
step of preparing a core glass rod to become a core re- 
gion made of Si0 2 doped with a predetermined amount 40 
of Ge0 2 by synthesizing glass by VAD or OVD method 
and extending thus synthesized glass so as to attain a 
predetermined outer diameter; (2) a second step of pre- 
paring a first cladding glass pipe to become a first clad- 
ding region made of Si0 2 doped with a predetermined 45 
amount of F by synthesizing glass by VAD or OVD meth- 
od and extending thus synthesized glass so as to attain 
a predetermined inner diameter and a predetermined 
outer diameter; (3) a third step of heating the first clad- 
ding glass pipe while causing a predetermined gas to so 
flow on an inner face thereof and carrying out etching 
for smoothing the inner peripheral surface thereof; (4) a 
fourth step of inserting the core glass rod into the first 
cladding glass pipe, baking the core glass rod and first 
cladding glass pipe at a predetermined temperature of 55 
at least 1300°C, and then integrating the core glass rod 
and first cladding glass pipe together upon heating so 
as to yield an intermediate glass rod; (5) a fifth step of 



adjusting the ratio between the respective outer diame- 
ters of the core region and first cladding region in the 
intermediate glass rod, and then forming a glass body 
to become a second cladding region on an outer periph- 
? ery of the intermediate glass rod so as to prepare an 
optical fiber preform; and (6) a sixth step of drawing the 
optical fiber preform upon heating so as to prepare an 
optical fiber comprising, at least, the core region having 
a maximum refractive index value of n 1 ; the first cladding 
5 region, disposed at an outer periphery of the core re- 
gion, having a minimum refractive index value of n 2 
(where n 2 < n^; and the second cladding region, dis- 
posed at an outer periphery of the first cladding region, 
having a maximum refractive index value of n 3 (where 
► n 2 < n 3 < n n ); (7) wherein the core glass rod and first 
cladding glass pipe are integrated upon heating in the 
fourth step under a condition where the heating temper- 
ature is not higherthan 1 800°C, the outer peripheral sur- 
face of the core glass rod has a roughness of 5 ujti or 
less, the inner peripheral surface of the first cladding 
glass pipe has a roughness of 5 ^m or less, and the 
Ge0 2 concentration in an area having a thickness of 2 
urn or less from the outer peripheral surface of the core 
glass rod has a maximum value of 5 mol% or less; and 
(8) wherein the optical fiber prepared in the sixth step 
has, as characteristics with respect to light having a 
wavelength of 1.55 p.m, an effective area of 11 or 
less., a cutoff wavelength X c of at least 0.7 um but not 
exceeding 1 .6 um at a fiber length of 2 m, and a nonlin- 
ear coefficient of at least 1 8/W/km. 
[0016] Such a method of making an optical fiber can 
prepare an optical fiber of a double-cladding structure 
having a high nonlinearity with such a favorable trans- 
mission characteristic that, for example, the transmis- 
sion loss is lowered. 

[0017] The present invention will be more fully under- 
stood from the detailed description given hereinbelow 
and the accompanying drawings, which are given by 
way of illustration only and are not to be considered as 
limiting the present invention. 

[0018] Further scope of applicability of the present in- 
vention will become apparent from the detailed descrip- 
tion given hereinafter. However, it should be understood 
that the detailed description and specific examples, 
while indicating preferred embodiments of the invention,' 
are given by way of illustration only, since various 
changes and modifications within the spirit and scope 
of the invention will be apparent to those skilled in the 
art from this detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0019] 

Fig. 1 is a view schematically showing the cross- 
sectional structure and refractive index profile of a 
first embodiment of the optical fiber; 
Fig. 2 is a table showing the dependence of the 
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number of generated bubbles upon the heating 
temperature: 

Fig 3 is a table showing the dependence of the 
rumbcr of generated bubbles upon the baking tem- 
perature: 

Fig 4 is a table showing the dependence of the 
rumbcr of generated bubbles upon the surface 
roughness of the first cladding glass pipe; 
Fig 5 is a table showing the dependence of the 
number of generated bubbles upon the surface 
roughness of the core glass rod; 
Fig. 6 is a table showing the dependence of the 
number of generated bubbles upon the Ge0 2 con- 
cern ration in an area having a thickness of 2 ujti or 
less trom the outer peripheral surface in the core 
glass rod: 

Fig 7 is a view schematically showing the cross- 
sec! pona! structure and refractive index profile of a 
socona embodiment of the optical fiber; 
F»y t 8A rind 8B are views showing respective re- 
t -nctivc index profiles of optical fibers A1 and A2; 
Tig 9 is a I able showing various characteristics at 
n wavelength ol 1 550 nm of the optical fibers shown 
in F.gs BA and 8B; 

Figs 10A and 10B are views showing respective 
refractive index profiles of optical fibers B1 andS2, 
C1 and C2: 

Fig 1 1 is a view showing the refractive index profile 
of optical fibers D1 to D5; 

Fig 12 is a table showing various characteristics at 
a wavelength of 1 550 nm of the optical fibers shown 
in Figs 10A and 10B; 

Fig 13 is a table showing various characteristics at 
a wavelength of 1 550 nm of the optical fibers shown 
in Fig 11: 

Fig. 14 is a table showing various characteristics at 
a wavelength of 1550 nm of optical fibers E1 to E8; 
Fig. 15 is a view schematically showing the cross- 
sectional structure of another embodiment of the 
optical fiber; 

Fig. 16 is a table showing various characteristics at 
a wavelength of 1550 nm of optical fibers F1 to F3; 
Fig. 17 is a graph showing the dependence of the 
transmission loss of an optical fiber upon wave- 
length: 

Fig. 1 8 is a view schematically showing the config- 
uration of an optical fiber coil; 
Fig. 19 is a graph showing the dependence of the 
transmission loss of an optical fiber upon wave- 
length; 

Fig. 20 is a diagram showing an embodiment of Ra- 
man amplifier; 

Fig. 21 is a diagram showing another embodiment 
of Raman amplifier; 

Fig. 22 is a graph showing the dependence of the 
effective area of an optical fiber upon wavelength; 
Fig. 23 is a diagram showing an embodiment of 
wavelength converter; and 



Figs. 24A to 24C are views schematically showing 
the wavelength conversion carried out by the wave- 
length converter shown in Fig. 23. 

5 DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0020] In the following, preferred embodiments of the 
optical fiber and nonlinear optical fiber, optical amplifier 
10 and wavelength converter using the same, and method 
of making an optical fiber in accordance with the present 
invention will be explained in detail with reference to the 
drawings. In the explanation of the drawings, constitu- 
ents identical to each other will be referred to with nu- 
ts merals or letters identical to each other without repeat- 
ing their overlapping descriptions. The ratios of dimen- 
sions in the drawings do not always match those ex- 
plained. 

[0021] Fig. 1 is a view schematically showing the 
20 cross-sectional structure of a first embodiment of the op- 
tical fiber in accordance with the present invention and 
its refractive index profile in the fiber diameter direction 
(direction indicated by the depicted line L). Though dif- 
ferent in scale, the abscissa of the refractive index pro- 
2s file shown in Fig. 1 corresponds to individual positions, 
along the line L shown in the depicted cross-sectional 
structure, on a cross section perpendicularto the center 
axis of the optical fiber. For comparison, the refractive 
index in pure Si0 2 is indicated by the dotted line for the 
30 ordinate of the refractive index profile. The individual re- 
gions in the refractive index profile are referred to with 
numerals identical to those referring to the respective 
regions in the cross-sectional structure of the optical fib- 
er. 

35 [0022] This optical fiber is an optical waveguide main- 
ly composed of Si0 2 (silica glass); and comprises a core 
region 1 0 including the center axis of the optical fiber, a 
first cladding region 20 disposed at the outer periphery 
of the core region 10, and a second cladding region 30 

40 disposed at the outer periphery of the first cladding re- 
gion 20. 

[0023] The core region 1 0 has an outer diameter of 
2r l3 and is formed such that pure Si0 2 glass is doped 
with a predetermined amount of Ge0 2 as a dopant for 

45 raising the refractive index, whereby its refractive index 
attains a maximum value of n 1 (n 1 > n 0 , where n 0 is the 
refractive index of pure Si0 2 ). As shown in Fig. 1, the 
core region 1 0 in this embodiment has a graded refrac- 
tive index distribution in which the doping amount of 

50 Ge0 2 and refractive index are maximized in the vicinity 
of the center axis of the optical fiber. 
[0024] On the other hand, the first cladding region 20 
has an outer diameter of 2r 2 , and is formed such that 
pure Si0 2 glass is doped with a predetermined amount 

55 of F as a dopant for lowering the refractive index, where- 
by its refractive index attains a minimum value of n 2 (n 2 
< n 0 , n 2 < n.,). The second cladding region 30 has an 
outer diameter of 2r 3 , and is formed by pure Si0 2 glass 
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or by pure Si0 2 glass doped with a predetermined 
amount of F as a dopant for lowering the refractive in- 
dex, whereby its refractive index attains a maximum val- 
ue of n 3 (n 3 < n 0 , n 2 < n 3 < n t ). 

[0025] Here, the relative refractive index difference in 
each part is defined with reference to the refractive index 
n 3 in the second cladding region 30. Thus, as shown in 
Fig. 1, the relative refractive index difference corre- 
sponding to the refractive index n t in the core region 1 0 
is defined by A + =(A7 1 -n 3 )//7 3 xiOO(%), whereas the rela- 
tive refractive index difference corresponding to the re- 
fractive index n 2 in the first cladding region 20 is defined 
by A=(n 2 -n 3 )/n 3 x100(%). 

[0026] The optical fiber in accordance with this em- 
bodiment does not use a single-cladding structure, but 
a double-cladding structure in which the first cladding 
region 20 and second cladding region 30 are disposed 
at the outer periphery; of the core region 10. Optical fib- 
ers having a single-cladding structure may be problem- 
atic in that the cutoff wavelength A. c becomes longer if 
the nonlinear coefficient 7 is made greater. 
[0027] When a double-cladding structure is employed 
as mentioned above, by contrast, the cutoff wavelength 
X c can sufficiently be shortened even when, in order to 
increase the nonlinear coefficient y, the concentration of 
GeO z added into the core is enhanced so as to raise the 
nonlinear refractive index, or the relative refractive index 
difference between the core and cladding is increased 
so as to reduce the effective area A cff . Also, this config- 
uration can make the dispersion slope negative. 
[0028] Here : as forthe cladding structure, one or more 
other cladding regions each having a predetermined re- 
fractive index value and a width may be formed between 
the above-mentioned first and second cladding regions. 
[0029] The optica! fiber in accordance with this em- 
bodiment can be used as a nonlinear optical fiber, ap- 
plicable to various purposes, having a favorable char- 
acteristic by utilizing a nonlinear optical phenomenon 
exhibited when a predetermined wavelength of light 
(within a predetermined wavelength band) is fed therein. 
In particular, since the cutoff wavelength k c can suffi- 
ciently be shortened while the nonlinear coefficient y is 
made greater, a highly efficient optical device utilizing a 
nonlinear optical phenomenon can be realized. Specific 
characteristics of the optical fiber will be explained later 
in further detail. 

[0030] An example of method of making an optical fib- 
er for preparing the optical fiber (nonlinear optical fiber) 
having the configuration shown in Fig. 1 will now be ex- 
plained. This method uses a process in which, without 
collectively synthesizing the core region 10 and first 
cladding region 20 by sooting in VAD or OVD method, 
a core glass rod and a first cladding glass pipe are pre- 
pared separately from each other and then are integrat- 
ed together upon heating. 

[0031] First, the core glass rod to become the core 
region 10 of the above-mentioned optical fiber is pre- 
pared (first step) . Here, a glass rod mainly composed 



of Si0 2 and doped with a predetermined amount of 
Ge0 2 as a dopant for raising the refractive index is syn- 
thesized by VAD or OVD method, and then is extended 
so as to attain a predetermined outer diameter, thus 
5 yielding the core glass rod. 

[0032] Also, the first cladding glass pipe to become 
the first cladding region 20 of the optical fiber is prepared 
(second step) . Here, a glass pipe mainly composed. of 
Si0 2 and doped with a predetermined amount of F as a 
10 dopant for lowering the refractive index is synthesized 
by VAD or OVD method, and then is extended so as to 
attain a predetermined inner diameter and a predeter- 
mined outer diameter, thus yielding the first cladding 
glass pipe. 

[0033] Thus obtained first cladding glass pipe is sub- 
jected to vapor-phase etching for smoothing the inner 
peripheral surface of the glass pipe (third step). Here, a 
predetermined gas such as SF 6 is caused to flow on the 
inner surface of the first cladding glass pipe (e.g. ; to at- 
tain an atmosphere of SF 6 +CI 2 ) and heated, so as to 
etch the inner surface of the pipe. 
[0034] Thus obtained core glass rod and first cladding 
glass pipe are integrated together upon heating (fourth 
step). The core glass rod is inserted into the first clad- 
ding glass pipe, and they are integrated together upon 
heating in conformity to the proceeding and conditions 
explained later, whereby an intermediate glass rod is 
prepared. 

[0035] Subsequently, the outer diameters of the core 
region and first cladding region in the intermediate glass 
rod are adjusted so as to attain a predetermined ratio, 
and then a glass body to become the second cladding 
region 30 is formed on the outer periphery of the inter- 
mediate glass rod, whereby an optical fiber preform is 
prepared (fifth step). 

[0036] Here, the outer diameter ratio in the intermedi- 
ate glass rod is adjusted by grinding the outer peripheral 
part thereof with HF solution or the like. The grinding is 
necessary for removing the OH group and foreign mat- 
ters of metal and the like in a flame attached to the glass 
surface, in the case where a flame such as a oxygen- 
hydrogen flame is employed as a heat source in the step 
of integrating upon heating or in the step of extending, 
while being in contact with the glass surface. 
[0037] The glass body to become the second cladding 
region 30 may be synthesized by VAD or OVD method, 
for example. Alternatively, it may be formed by rod-in- 
collapse or further synthesized by VAD or OVD method 
after the rod-in-collapse. 

[0038] Thus obtained optical fiber preform is drawn 
upon heating, so as to prepare an optical fiber (sixth 
step). The foregoing steps yield an optical fiber having 
the double-cladding structure shown in Fig. 1 . 
[0039] The fourth step of integrating the core glass rod 
and first cladding glass pipe upon heating will further be 
explained in terms of its proceeding and conditions. 
[0040] If the core region and first cladding region are 
collectively synthesized in the method of making an op- 
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tical fiber having a double-cladding structure, Ge0 2 and 
F will mutually diffuse within a glass fine particle body 
(soot body) in which dopants are likely to diffuse, since 
the Ge0 2 doping concentration and F doping concen- 
tration are high in the core region and first cladding re- s 
gion, respectively Here., defects such as GeF 4 and GeO 
exist, thereby deteriorating the transmission loss. Also, 
MCVD method may be problematic in that the transmis- 
sion loss greatly deteriorates when synthesizing Si0 2 
glass doped with a high concentration of Ge0 2 . 10 
[0041] In the above-mentioned manufacturing meth- 
od, by contrast, the core region 1 0 and the first cladding 
region 20 are synthesized separately (first and second 
steps), and then are integrated upon heating (fourth 
step). Even in this case, however, Ge0 2 and F may react is 
with each other at the time of integration upon heating, 
so as to yield a gas such as GeO, which may remain as 
bubbles at the interface between the core region 1 0 and 
first cladding region 20. Here, thus remaining bubbles 
may deteriorate characteristics such as transmission 20 
loss or mechanical strength of the optical fiber. 
[O042] In this manufacturing method, in order to sup- 
press the occurrence of such bubbles, the integration 
upon heating is carried out under one of or any combi- 
nation of the following five conditions in the fourth step. 25 
Namely, (1) integration is carried out at a heating tem- 
perature of 1 800°C or lower; (2) baking is carried out at 
a predetermined temperature of at least 1300°C in a Cl 2 
atmosphere before the integration upon heating; (3) the 
inner peripheral surface of the first cladding glass pipe 30 
is caused to have a roughness of 5 ujti or less; (4) the 
outer peripheral surface of the core glass rod is caused 
to have a roughness of 5 u.m or less; and (5) the Ge0 2 
concentration in an area having a thickness of 2 ujti or 
less from the outer peripheral surface of the core glass 35 
rod is caused to have a maximum value of 5 mol% or 
less. The occurrence of bubbles can be suppressed 
when the integration upon heating is carried out while 
employing one of or any combination of the foregoing 
five conditions. 40 
[0043] Effects of the above-mentioned manufacturing 
conditions were verified by carrying out the integration 
upon heating while changing conditions. As for the core 
glass rod, the refractive index distribution form within the 
core was made substantially parabolic, whereas the 45 
Ge0 2 doping concentration was 30 mol% at the maxi- 
mum. The outer diameter of the core glass rod at the 
time of integration upon heating was 6 mm. As for the 
first cladding glass pipe, the refractive index distribution 
form within the first cladding was substantially stepped, so 
whereas the F doping concentration was 1 .5 mol% at 
the maximum. 

[0044] At the time of integration upon heating, the first 
cladding glass pipe had an outer diameter of 32 mm and 
an inner diameter of 9 mm. Thus obtained first cladding 55 
glass pipe was etched with 300 cm 3 /min of SF 6 and 200 
cnvVmin of Cl 2 at a heating temperature of 1500°C (the 
maximum temperature of glass surface measured by a 



pyroscope), so as to smooth the surface. The atmos- 
phere gas within the pipe at the time of integration upon 
heating was constituted by 200 cm 3 /min of chlorine and 
300 cm 3 /min of oxygen, whereas the degree of vacuum 
was 1 kPa therewithin. 

[0045] First, the effect of suppressing the occurrence 
of bubbles was verified concerning the condition that (1 ) 
integration was carried out at a heating temperature of 
1 800°C or lower. Here, while changing the heating tem- 
perature for integration upon heating within the range of 
1 950°C to 1 800°C, the core glass rod and the first clad- 
ding glass pipe were integrated upon heating. As for the 
other conditions, baking was carried out at 1300°C, the 
roughness of the inner surface of the first cladding glass 
pipe was 5 ujti, the roughness of the outer peripheral 
surface of the core glass rod was 5 ujti, and the Ge0 2 
concentration in an area having a thickness of 2 ujtj or 
less from the outer peripheral surface of the core glass 
rod had a maximum value of 5 mo!%. 
[0046] Fig. 2 shows the number of bubbles generated 
at the interface between the core glass rod and first clad- 
ding glass pipe. Here, the number of generated bubbles 
was evaluated by the number of bubbles occurring per 
a length of 1 0 mm (in the glass rod) after collapsing. As 
can be seen from the table of Fig. 2, the number of gen- 
erated bubbles was reduced as the heating temperature 
was lowered, and substantially no bubbles occurred at 
a heating temperature of 1 800°C. This is because of the 
fact that chemical reactions are restrained from pro- 
ceeding when the heating temperature for integration 
upon heating is lowered. 

[0047] Next, the effect of suppressing the occurrence 
of bubbles was verified concerning the condition that (2) 
baking was carried out at a predetermined temperature 
of at least 1300°C in a Cl 2 atmosphere before the inte- 
gration upon heating. Here, the integration upon heating 
was carried out while changing the baking temperature 
within the range of 1000°C to 1300°C. As for the other 
conditions, the heating temperature was 1800° C, the 
roughness of the inner surface of the first cladding glass 
pipe was 5 ujti, the roughness of the outer peripheral 
surface of the core glass rod was 5 u.m, and the Ge0 2 
concentration in an area having a thickness of 2 um or 
less from the outer peripheral surface of the core glass 
rod had a maximum value of 5 mol%. 
[0048] Fig. 3 shows the number of bubbles generated 
at the interface between the core glass rod and first clad- 
ding glass pipe. As can be seen from the table of Fig. 3, 
the number of generated bubbles was reduced as the 
baking temperature was raised, and substantially no 
bubbles occurred at a baking temperature of 1300°C. 
This is because of the fact that baking at a sufficient tem- 
perature eliminates unstable Ge and F compounds in 
the surface layer and smoothes the surface state. 
[0049] Next, the effect of suppressing the occurrence 
of bubbles was verified concerning the condition that (3) 
the inner peripheral surface of the first cladding glass 
pipe was caused to have a surface roughness of 5 \im 
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or less. Here, the integration upon heating was carried 
out while the roughness of the inner peripheral surface 
of the glass pipe was changed within the range of 1 0 urn 
to 5 urn. As for the other conditions, the baking was car- 
ried out at a temperature of 1300°C, the heating tem- 
perature was 1800°C f the roughness of the outer pe- 
ripheral surface of the core glass rod was 5 urn, and the 
Ge0 2 concentration in an area having a thickness of 2 
u.m or less from the outer peripheral surface of the core 
glass rod had a maximum value of 5 mol%. 
[0050] Fig. 4 shows the number of bubbles generated 
at the interface between the core glass rod and first clad- 
ding glass pipe. As can be seen from the table of Fig. 4, 
the numberof generated bubbles was reduced as the 
roughness of the inner peripheral surface of the first 
cladding glass pipe was lowered, and substantially no 
bubbles occurred at a surface roughness of 5 ujti. This 
is because of the fact-that a sufficiently smooth surface 
prevents rough surface parts from becoming nuclei for 
generating bubbles. 

[0051 ] Next, the effect of suppressing the occurrence 
of bubbles was verified concerning the condition that (4) 
the outer peripheral surface of the core glass rod is 
caused to have a roughness of 5 u.m or less. Here, the 
integration upon heating was carried out while the 
roughness of the outer peripheral surface of the glass 
rod was changed within the range of 10 u.m to 5 u,m. A;s 
for the other conditions, the baking was carried out at a 
temperature of 1300°C, the heating temperature was 
1800°C, the roughness of the inner peripheral surface 
of the first cladding glass pipe was 5 u,m, and the GeO a 
concentration in an area having a thickness of 2 u/n or 
less from the outer peripheral surface of the core glass 
rod had a maximum value of 5 mol%. 
[0052] Fig. 5 shows the number of bubbles generated 
at the interface between the core glass rod and first clad- 
ding glass pipe. As can be seen from the table of Fig. 5, 
the number of generated bubbles was reduced as the 
roughness of the outer peripheral surface of the core 
glass rod is lowered, and substantially no bubbles oc- 
curred at a surface roughness of 5 u.m. This is because 
of the fact that, as in the case of glass pipe, a sufficiently 
smooth surface prevents rough surface parts from be- 
coming nuclei for generating bubbles. 
[0053] Next, the effect of suppressing the occurrence 
of bubbles was verified concerning the condition that (5) 
the Ge0 2 concentration in an area having a thickness 
of 2 u.m or less from the outer peripheral surface of the 
core glass rod was caused to have a maximum value of 
5 mol% or less. Here, the integration upon heating was 
carried out while the maximum value of the Ge0 2 con- 
centration in the above-mentioned area was changed 
within the range of 1 0 mol% to 5 mol%. As for the other 
conditions, the baking was carried out at a temperature 
of 1300°C, the heating temperature was 1800°C, the 
roughness of the inner peripheral surface of the first 
cladding glass pipe was 5 um, and the roughness of the 
outer peripheral surface of the core glass rod was 5 urn 
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[0054] Fig. 6 shows the number of bubbles generated 
at the interface between the core glass rod and first clad- 
ding glass pipe. As can be seen from the table of Fig. 6, 
the number of generated bubbles was reduced as the 

5 maximum value of the Ge0 2 concentration was low- 
ered, and substantially no bubbles occurred at a maxi- 
mum value of Ge0 2 concentration of 5 mol%. This is 
because of the fact that the Ge0 2 concentration in the 
surface layer is lowered, whereby bubbles are harder to 

w occur. 

[0055] The integration upon heating was carried out 
while employing the foregoing condition where the bak- 
ing was carried out at a temperature of 1300°C, the 
heating temperature was 1 800°C, the roughness of the 

*5 inner peripheral surface of the first cladding glass pipe 
was 5 u.m, the roughness of the outer peripheral surface 
of the core glass rod was 5 ujti, and the Ge0 2 concen- 
tration in an area having a thickness of 2 ujti or less from 
the outer peripheral surface of the core glass rod had a 

20 maximum value of 5 mol%, whereby an intermediate 
glass rod (first intermediate glass rod) having an outer 
diameter of 30 mm without bubbles was obtained. 
[0056] After the first intermediate glass rod was ex- 
tended so as to attain an outer diameter of 8 mm, the 

25 outer peripheral part thereof was ground with HF solu- 
tion so as to attain an outerdiameter of 5.4 mm, whereby 
the ratio of the core diameter to the first cladding diam- 
eter was adjusted to 0.30. Separately from the first in- 
termediate glass rod, a second cladding glass pipe to 

30 become the inner peripheral part of the second cladding 
region 30 was prepared. The second cladding glass 
pipe was formed as an Si0 2 glass pipe, doped with 0.7 
mol% of F s having an outer diameter of 32 mm and an 
inner diameter of 8 mm. The first intermediate glass rod 

35 was inserted into the second cladding glass pipe, and 
they were integrated upon heating, whereby a second 
intermediate glass rod having an outer diameter of 30 
mm was obtained. 

[0057] Then, a glass body to become the outer- pe--' 
ripheral part of the second cladding region 30 was syn- 
thesized as Si0 2 glass doped with 0.7 mol% of F, as with 
the second cladding glass pipe, by VAD or OVD method, 
whereby an optical fiber preform was prepared. Here, 
the ratio of the second cladding diameter to the first clad- 

45 ding diameter was set to 7.8. 

[0058] In the above-mentioned method of synthesiz- 
ing the second cladding region 30, the inner peripheral 
part thereof is formed by integrating the glass pipe upon 
heating. This aims at reducing the amount of OH group 

50 mingling into the optical fiber when the latter is formed. 
The outer peripheral part thereof is formed by a sooting 
technique of VAD or OVD method. This aims at increas- 
ing the size of the optical fiber preform. 
[0059] As such a method of synthesizing the second 

55 cladding region 30, various techniques may be used de- 
pending on individual conditions. For example, the inte- 
gration of the glass pipe upon heating may be omitted 
in the case where the power field distribution of light 
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does not widen so much and the influence of the OH 
group mingled upon synthesizing the second cladding 
by the sooting technique is negligible. Alternatively, the 
second cladding may be synthesized by the integration 
of the glass pipe upon heating alone without the sooting 
technique. 

[0060] The optical fiber preform prepared in conform- 
ity to the foregoing manufacturing method and manu- 
facturing conditions was drawn upon heating, whereby 
an optical fiber having the double-cladding structure 
shown in Fig. 1 was obtained. Its configuration was such 
that the outer diameter 2r t = 4.8 u.m and the relative re- 
fractive index difference A + = 3.3% in the core region 
10, the outer diameter 2r 2 = 16 um and the relative re- 
fractive index difference A" = -0.25% in the first cladding 
region 20, and the outer diameter 2r 3 = 125 u.m in the 
second cladding region 30. 

[0061] With respect to light having a wavelength of 
1 .55 jinn, the optical fiber exhibited characteristics of: 

dispersion = +0.22 ps/km/nm; 
dispersion slope = +0.045 ps/km/nm 2 ; 
effective area A eff =10.4 |im 2 ; 
cutoff wavelength X c = 1 51 0 nm; 
zero-dispersion wavelength = 1545 nm; v 
transmission loss = 0.46 dB/km; \ , v 

mode field diameter = 3.69 nm; - 
nonlinear coefficient y = 20.8/W/km; and 
polari7ation mode dispersion PMD= 0.05 ps/Jkm; 

whereby an optical fiber (nonlinear optical fiber) having 
favorable characteristics was obtained. 
[0062] The above-mentioned characteristics of the 
optical fiber satisfy the following characteristic condi- 
tions with respect to light having a wavelength of 1 .55 
tim: 

an effective area A eff of 11 u.m 2 or less; 
a cutoff wavelength X c of at least 0.7 u.m but not ex- 
ceeding 1 .6 |im at a fiber length of 2 m; and 
a nonlinear coefficient y of at least 18/W/km. 

Also, the transmission loss with respect to light having 
a wavelength of 1.55 um satisfies a characteristic con- 
dition of not greater than 3.0 dB/km, or not greater than 
1.0 dB/km. 

[0063] When a double-cladding structure is employed 
as such : a highly nonlinear optical fiber having a favo- 
rable cutoff wavelength X c can be obtained even in the 
case where the Ge0 2 concentration of the core is raised 
while the effective area A eft is reduced so as to enhance 
the nonlinear coefficient y. 

[0064] For making the effective area A eff sufficiently 
small, it is preferred that the relative refractive index dif- 
ference between the core region 10 and the second 
cladding region 30 be at least 2.7%. Though the cutoff 
wavelength \. becomes longer in the single-cladding 
structure when such a large refractive index difference 



is made, it can sufficiently be shortened in the double- 
cladding structure as mentioned above. 
[0065] Fig. 7 is a view schematically showing the 
cross-sectional structure of a second embodiment of the 

5 optical fiber in accordance with the present invention 
and its refractive index profile in the fiber diameter di- 
rection (direction indicated by the depicted line L). 
[0066] This optical fiber is an optical waveguide main- 
ly composed of SiO a (silica glass) ; and comprises a core 

10 region 1 0 including the center axis of the optical fiber, a 
first cladding region 20 disposed at the outer periphery 
of the core region 1 0, and a second cladding region 30 
disposed at the outer periphery of the first cladding re- 
gion 20. Here, the first cladding region 20 and the sec- 

75 ond cladding region 30 are configured as in the first em- 
bodiment. 

[0067] On the other hand, the core region 1 0 has an 
outer diameter of 2^ and is formed such that pure S»0 2 
glass is doped with a predetermined amount of GeQ 2 

20 as a dopant for raising the refractive index, so that its 
refractive index attains a maximum value of n A (n 1 > n 0 ). 
As shown in Fig. 7, the core region 10 in this embodi- 
ment has a graded refractive index distribution in which 
the doping amount of GeO z and the refractive index are 

25 maximized in the vicinity of the center axis of the optical 
fiber. 

[0068] In a predetermined area on the outer periphery 
side within the core region 10, an intermediate region 
15 is provided at a position held between the core region 

30 10 and the first cladding region 20. As shown in Fig. 7, 
the intermediate region 1 5 is doped with a relatively high 
concentration of Ge0 2 so as to yield a refractive index 
distribution (doping concentration distribution) protrud- 
ed like a horn. Here, the maximum value of the refractive 

35 index of the intermediate region 15 is defined as n 5 (n 5 
> n 0 ), and its relative refractive index difference is A 5 = 
(n 5 -n3)/n 3 . 

[0069] As with the optical fiber in accordance with the 
first embodiment, the optical fiber in accordance with 

40 this embodiment does not use a single-cladding struc- 
ture but a double-cladding structure in which the first 
cladding region 20 and the second cladding region 30 
are disposed at the outer periphery of the core region 
1 0. This makes it possible to sufficiently shorten the cut- 

45 off wavelength X c even when, in order to increase the 
nonlinear coefficient y, the concentration of Ge0 2 added 
into the core is enhanced so as to raise the nonlinear 
refractive index, or the relative refractive index differ- 
ence between the core and cladding is increased so as 

50 to reduce the effective area A eff . Also, this configuration 
can make the dispersion slope negative. The effect of 
the intermediate region 1 5 will be explained later togeth- 
er with the method of making an optical fiber. 
[0070] The optical fiber of this embodiment can also 

55 be used as a n onlinear optical fiber, applicable to various 
purposes, having a favorable characteristic by utilizing 
a nonlinear optical phenomenon exhibited when light 
having a predetermined wavelength (within a predeter- 
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mined wavelength band) is fed therein, 
[0071] An example of method of making an optical fib- 
er for preparing an optical fiber (nonlinear optical fiber) 
having the configuration shown in Fig. 7 will now be ex- 
plained. 

[0072] First, a glass fine particle body (soot body) con- 
stituted by an area to become the core region 1 0 includ- 
ing the intermediate region 15 and a precursor area to 
become the first cladding region 20 was synthesized. 
Here, the area to become the core region 1 0 was made 
of Si0 2 glass doped with Ge0 2 by 30 mol% at the max- 
imum, whereas the area, in the outer peripheral part 
thereof, corresponding to the intermediate region 15 
was made of Si0 2 glass doped with Ge0 2 so as to yield 
a horn-like distribution as mentioned above such that its 
doping concentration at the peak value became 5 mol%. 
On the outer periphery thereof, the precursor area for 
the first cladding region 20 was synthesized as pure 
SiD 2 glass. 

[0073] Thus obtained glass fine particle body (glass 
porous body) was put into a sintering furnace, and was 
heated in a mixed atmosphere of chlorine and helium at 
a heating temperature of 1300°C so as to be dehydrat- 
ed. Thus dehydrated product was heated in a helium 
atmosphere at a heating temperature of 1 400°C, so that 
areas to become the core region 1 0 and intermediate 
region 1 5 were selectively densified (transparent izedjr: 
[0074] Here, since the areas to become the core re- 
gion 10 and intermediate region 15 were doped with a 
high concentration of Ge0 2 so as to lowerthe densifying 
temperature, the densifying effect caused by heating 
was sufficiently obtained therein. By contrast, the den- 
sifying temperature was high in the precursor area for 
the first cladding region 20, since it was made of pure 
Si0 2 glass, whereby it remained the glass fine particle 
body without being densified upon heating at 1400°C. 
[0075] In this state, the glass body was heated at a 
heating temperature of 1400°C in a mixed atmosphere 
of helium and gas for doping F, such as C 2 F 6 , SiF 4 , and 
CF 4 , and the precursor area for the first cladding region 
20 not densified yet was doped with F by a doping con- 
centration of 1 mol%, whereby the first cladding region 
20 was formed. 

[0076] When the glass fine particle body is doped with 
F at the time of sintering upon heating as such, F added 
to the cladding may also enter the core region in a nor- 
mal method. This may be problematic in that the refrac- 
tive index of the core region decreases while impurities 
such as GeO and Ge-F compounds occur so as to de- 
teriorate the transmission loss. In the manufacturing 
method in accordance with this embodiment, by con- 
trast, the intermediate region 15 doped with a high con- 
centration of Ge0 2 is formed in the outer peripheral part 
of the core region 10, and these areas are selectively 
densified by heating at a relatively low temperature. 
Then, F is added thereto, whereby F can selectively be 
added to only the precursor area for the first cladding 
region 20. 
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[0077] On the outer periphery of thus obtained glass 
body, a glass body to become the second cladding re- 
gion 30 was formed, whereby an optical fiber preform 
was prepared. Here, the second cladding region 30 was 
Si0 2 glass doped with F by a doping concentration of 
0.3 mol%. The outer diameter ratios of the individual re- 
gions were such that the ratio of the core diameter to 
the first cladding diameter was 0.40, whereas the ratio 
of the second cladding diameter to the first cladding di- 
ameter was 11.6. 

[0078] The optical fiber preform prepared in conform- 
ity to the foregoing manufacturing method and manu- 
facturing conditions was drawn upon heating, whereby 
an optical fiber having the double-cladding structure 
shown in Fig. 7 was obtained. Its configuration was such 
that the outer diameter 2r A = 4.3 jxm and the relative re- 
fractive index difference A + = 3.1% in the core region 
10, the relative refractive index difference A s ='\ .0% in 
the intermediate region 15 s the outer diameter 2r 2 = 10.8 
|im and the relative refractive index difference A" = 
-0.26% in the first cladding region 20, and the outer di- 
ameter 2r 3 = 125 ujti in the second cladding region 30. 
The refractive index distribution (doping concentration 
distribution of Ge0 2 ) in the core region 1 0 was approx- 
imately a distribution of the ct~-3.0 power. 
[0079] With respect to light having a wavelength of 
1 .55 ujti, the optical fiber exhibited characteristics of: 

dispersion = +0.98 ps/km/nm; 
dispersion slope = -§-0.035 ps/km/nm 2 ; 
effective area Ae ff =10.2 jim 2 ; 
cutoff wavelength = 1465 nm; 
zero-dispersion wavelength = 1520 nm; 
transmission loss = 0.49 dB/km; 
mode field diameter =3.64 urn; and 
nonlinear coefficient y = 21 .5/W/km; 

whereby an optical fiber (nonlinear optical fiber) having 

favorable characteristics was obtained _ s 

[0080] The above-mentioned characteristics of the 
optical fiber satisfy the following characteristic condi- 
tions with respect to light having a wavelength of 1 .55 
jam: 

an effective area A eff of 1 1 um 2 or less; 
a cutoff wavelength X c of at least 0.7 ujti but not ex- 
ceeding 1 .6 [irr. at a fiber length of 2 m; and 
a nonlinear coefficient y of at least 1 8/W/km. 

Also, the transmission loss with respect to light having 
a wavelength of 1 .55 ujti satisfies a characteristic con- 
dition of not greater than 3.0 dB/km, or not greater than 
1 .0 dB/km. 

[0081 ] When a double-cladding structure is employed 
as such, a highly nonlinear optical fiber having a favo- 
rable cutoff wavelength \. can be obtained even in the 
case where the Ge0 2 concentration of the core is raised 
while the effective area A eff is reduced so as to enhance 
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the nonlinear coefficient y. 

[0082] For making the effective area sufficiently 
small, it is preferred that the relative refractive index dif- 
ference A + between the core region 1 0 and the second ■ 
cladding region 30 be at least 2.7%. Though the cutoff 
wavelength \. becomes longer in the single-cladding 
structure when such a large refractive index difference 
is made, it can sufficiently be shortened in the double- 
cladding structure as mentioned above. 
[0083] Preferred constitutional conditions and various 
characteristics of the optical fiber (nonlinear optical fib- 
er) in accordance with the present invention will further 
be studied. Among the characteristics in the optical fiber 
indicated in the following, those dependent on the wave- 
length referto characteristics with respect to light having 
a wavelength of 1.55 u/n unless otherwise specified. 
[0084] First, the transmission loss of thus configured 
optical fiberwill be considered. In a highly nonlinear op- 
tical fiber, its core is doped with a high concentration of 
Ge0 2 in order to increase its nonlinear refractive index 
so as to enhance the nonlinearity. Here, the transmis- 
sion loss is likely to deteriorate due to the heating at the 
time of drawing. Though such deterioration of transmis- 
sion loss can be suppressed when the heating temper- 
ature at the time of drawing is set low, the drawing at a 
low temperature may be problematic in that the optical 
fiber is likely to break, since the excess tension occurs' 
within the optical fiber during the drawing. 
[0085] In the optical fibers having the double-cladding 
structures shown in Figs. 1 and 7, it is preferred that the 
second cladding region 30 occupying a major part of the 
volume of the optical fiber be doped with F (fluorine) . 
This can lower the softening temperature in the second 
cladding region 30, so that the drawing temperature can 
be lowered, whereby the transmission loss can be re- 
strained from deteriorating. 

[0086] Concerning the reduction in transmission loss, 
two kinds of optical fibers A1 and A2 having the respec- 
tive structures shown in the refractive index profiles of 
Figs. 8A and 8B were made as prototypes. 
[0087] While employing the refractive index profile 
shown in Fig. 8A, the optical fiber A1 was prepared such 
that the core region 1 0 was made ol Si0 2 doped with a 
parabolic distribution of Ge0 2 (with a maximum doping 
concentration of 30 mol%), the first cladding region 20 
was made of Si0 2 doped with F (with a doping amount 
of 1 .6 mol%), and the second cladding region 30 was 
made of Si0 2 doped with F (with a doping concentration 
of 0.9 mof%). 

[0088] While employing the refractive index profile 
shown in Fig. 8B, the optical fiber A2 was prepared such 
that the core region 1 0 was made of Si0 2 doped with a 
parabolic distribution of Ge0 2 (with a maximum doping 
concentration of 30 mol%), the first cladding region 20 
was made of Si0 2 doped with F (with a doping concen- 
tration of 1 .6 mol%), and the second cladding region 30 
was made of pure Si0 2 . 

[0089] Each of the optical fibers A1 and A2 was drawn 



with a tension of 4 N (400 gw) at a process speed of 300 
m/min. Here, the highest temperature on the glass sur- 
face was 1900°C in the optical fiber A1 and 2000°C in 
the optical fiber A2, whereby the optical fiber A1 was 

5 adapted to be drawn at a lower temperature. 

[0090] Fig. 9 shows various characteristics of thus ob- 
tained optical fibers A1 and A2. From the table of Fig. 
9, it can be seen that the optical fiber A1 in which the 
second cladding region 30 is doped with F yields a lower 

10 transmission loss and a greater nonlinear coefficient y 
as compared with the optical fiber A2. 
[0091] The cutoff wavelength X c , effective area A effl 
and nonlinear coefficient y in optical fibers will now be 
studied. In a highly nonlinear optical fiber, as mentioned 

is above, it is preferred that the core be doped with a high 
concentration of Ge0 2 so as to increase the nonlinear 
v refractive index, and that the effective area A eff be re- 
} - duced. Here, the cutoff wavelength X c becomes longer 
while the nonlinear coefficient y becomes greater. When 

20 an optical fiber having a double-cladding structure is 
used, by contrast, the cutoff wavelength \ can suffi- 
ciently be shortened while increasing the nonlinear co- 
efficient y. 

[0092] When a nonlinear optical fiber is to be em- 
25 ployed in wavelength conversion using four-wavemix- 
ing, it is necessary that the dispersion value at the wave- 
length Xp of excitation light for wavelength conversion 
be substantially zero since phases are required to match 
among signal, pump : and converted wavelengths. 
30 Therefore, it is desirable that Xp be located in the vicinity 
of the zero-dispersion wavelength. With respect to sig- 
nal light having a wavelength X^, the wavelength Xj.' of 
the wavelength-converted light is: 

For example, when WDM signal light whose wavelength 
ranges from 1530 nm to .1565 nmJs collectively wave-. 
40 length-converted by excitation light having a wavelength 
of 1525 nm, the wavelength of converted light ranges 
from 1520 nm to 1490 nm. It is necessary for the cutoff 
wavelength \. to attain a suitable value in view of the 
wavelength of signal light, converted light, excitation 
45 light, amplification light, or the like. 

[0093] Concerning the cutoff wavelength X c , effective 
area Aeff, and nonlinear coefficient y, four kinds of optical 
fibers B1 , B2, C1 , and C2 having their corresponding 
structures shown in the refractive index profiles of Figs. 
so 10A and 1 0B were made as prototypes. 

[0094] Employing the refractive index profile shown in 
Fig. 10A, each of the optical fibers B1 and B2 was pre- 
pared such that the core region 10 was made of SiO z 
doped with Ge0 2 in a stepped form of distribution, the 
55 first cladding region 20 was made of Si0 2 doped with F 
(with a doping concentration of 2.1 mol%), and the sec- 
ond cladding region 30 was made of Si0 2 doped with F 
(with a doping concentration of 0.9 mol%). The doping 
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concentration of Ge0 2 in the core region 1 0 differed be- 
tween the optical fibers B1 and B2. 
[0095] Employing the refractive index profile shown in 
Fig. 10B, each of the optical fibers C1 and C2 was pre- 
pared such that the core region 10 was made of Si0 2 $ 
doped with Ge0 2 in a stepped form of distribution, the 
first cladding region 20 was made of Si0 2 doped with F 
(with a doping concentration of 2.1 mol%), and the sec- 
ond cladding region 30 was made of pure Si0 2 . The 
doping concentration of Ge0 2 in the core region 10 dif- 
fered between the optical fibers C1 and C2. 
[0096] For comparison, optical fibers D1 to D5 having 
a single-cladding structure were prepared. Each of the 
optical fibers D1 to D5 was prepared in conformity to the 
refractive index profile shown in Fig. 11 . Here, numerals 
60 and 70 refer to the core region and the cladding re- 
gion in conformity to the single-cladding structure. 
[0097] Employing the refractive index profile shown in 
Fig. 11 , each or the optical fibers D1 to D5 was prepared 
such that the core region 60 was made of Si0 2 doped 
with Ge0 2 in a stepped form of distribution, the cladding 
region 70 was made of Si0 2 doped with F (with a doping 
concentration of 0.9 mol%). The doping concentration 
of Ge0 2 in the core region 60 differed among the optical 
fibers D1 to D5. The relative refractive index difference 
A + of the core region 60 was defined with reference to 
the cladding region 70. 

[0098] Fig. 12 shows the relative refractive index dif- 
ferences A+ and A* and various characteristics at a 
wavelength of 1550 nm of thus obtained optical fibers 
B1 , B2, C1 , and C2; whereas Fig. 13 shows the relative 
refractive index difference A + and various characteris- 
tics of the comparative optical fibers D1 to D5. From the 
table of Fig. 13, it can be seen that the effective area 
A eff and the value of nonlinear coefficient y respectively 
become greater and smaller when the Ge0 2 doping 
concentration in the core is lower so that A + is smaller, 
in the optical fiber D1 to D5 with the single-cladding 
structure. When A + is at least 2.7%, the cutoff wave- 
length is longer than the wavelength of the converted 
light obtained upon collective wavelength conversion of 
WDM signal light whose wavelength ranges from 1530 
nm to 1565 nm by excitation light having a wavelength 
of 1 525 nm. 

[0099] By contrast, it can be seen from the table of 
Fig. 12 that the optical fibers B1 , B2, C1 , and C2 having 
a double-cladding structure yield a smaller effective ar- 
ea A eff and a greater nonlinear coefficient y. In addition, 
a sufficiently short cutoff wavelength is realized such 
that, for example, the cutoff wavelength is 1469 nm 
while A + is 4.5% (optical fiber C2), even when the effec- 
tive area A eff is not larger than 1 1 pm 2 whereas the value 
of nonlinear coefficient y is not smaller than 18/W/km. 
[0100] The hydrogen-resistant characteristic in the 
optical fiber will now be studied. If the core contains a 
high concentration of GeO a therein, its hydrogen-resist- 
ant characteristic is likely to deteriorate. For this matter, 
it is preferred that the outer peripheral part of the second 



cladding region 30 to become the outermost layer of the 
optical fiber be provided with a hermetic coat (see a her- 
metic coat 50 shown in Figs. 1 and 7) mainly composed 
of a resistant material to the water and hydrogen mole- 
cules, such as amorphous carbon or silicon carbide. 
[01 01] This can block the dispersion of hydrogen into 
the core region and cladding region of the optical fiber. 
Also, the static fatigue coefficient becomes 1 00 to 1 60, 
so that the probability of breakage is very low. As a con- 
sequence, the long-term reliability of the optical fiber 
can be improved. 

[01 02] Eight kinds of optical fibers E1 to E8 in accord- 
ance with the present invention were made as proto- 
types according to the configuration, manufacturing 
method, and preferred manufacturing conditions of the 
optical fiber (nonlinear optical fiber) studied in the fore- 
going. 

[0103] Each of the optical fibers E1 to E8 was pre- 
pared such that the core region 10 was made of Si0 2 
doped with Ge0 2 approximately having a refractive in- 
dex distribution of the a— 3.0 power, the first cladding 
region 20 was made of F-doped Si0 2 , and the second 
cladding region 30 was made of F-doped Si0 2 or pure 
SiO z . The table of Fig. 14 shows the relative refractive 
index differences A 4 and A", the F doping concentration 
of the second cladding region 30, the respective outer 
diameters 2^ and 2r 2 of the core region 1 0 and first clad- 
ding region 20, and their resulting various characteris- 
tics in thus obtained optical fibers E1 to E8. Among the 
listed characteristics, the OH absorption transmission 
loss refers to the increase (excess absorption loss) in 
the transmission loss at a wavelength of 1 .38 ujti due 
to the OH group absorption. 

[0104] The characteristics of optical fibers E1 to E8 
shown in the table of Fig. 14 satisfy the following char- 
acteristic conditions with respect to light having a wave- 
length of 1 .55 u,m: 

an effective area A eff xif J1aJ,m 2 or less; . 
a cutoff wavelength X c of at least 0.7 ujti but not ex- 
ceeding 1 .6 p.m at a fiber length of 2 m; 
a transmission loss of 1 .0 dB/km or less; 
a polarization mode dispersion PMD of 0.3ps/ 
Jfcmor less; and 

a nonlinear coefficient y of at least 18/W/km. Em- 
ploying a double-cladding structure as such can 
yield a highly nonlinear optical fiber having a favo- 
rable cutoff wavelength A. c even when the Ge0 2 
concentration in the core is enhanced while the ef- 
fective area A eff is reduced so as to increase the 
nonlinear coefficient y. Also, a highly nonlinear op- 
tical fiber having a low polarization mode dispersion 
and a low transmission loss is obtained. 

[0105] Here, the excess absorption loss caused by 
OH group with respect to light having a wavelength of 
1 .38 u.m is preferably 0.2 dB/km or less. Each of the op- 
tical fibers E1 to E8 shown in Fig. 14 satisfies this char- 
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acteristic condition. 

[01 08] When a stress providing section is provided at 
a predetermined part within the optical fiber, for exam- 
ple, a polarization -maintaining optical fiber is obtained. 
Fig. 15 shows the cross-sectional structure of another 
embodiment of the optical fiber, which is such a polari- 
zation-maintaining optical fiber. In this optical fiber, a 
stress providing section 40, made of B 2 0 3 -doped Si0 2 , 
is formed on each of the right and left sides of the core 
region 10. Though the transmission loss may deterio- 
rate due to the stress providing sections 40, the polari- 
zation-maintaining optical fiber with such a structure can 
suppress the random coupling between orthogonally 
polarized waves. As a consequence, the quality of trans- 
mitted signal light can be held favorably. 
[0107] The method of making thus configured optical 
fiber is substantially the same as the manufacturing 
method mentioned above concerning the optical fiber 
having the configuration shown in Fig. 1, but differs 
therefrom in that the product in which the glass body to 
become the second cladding region 30 is formed on the 
outer periphery of the intermediate glass rod in the fifth 
step is used as a third intermediate glass body and is 
further processed without forming it into an optical fiber 
preform. 

[0108] Namely, the first cladding region or second 
cladding region of thus obtained third intermediate glass 
body is bored, so as to form holes. A glass rod to be- 
come the stress providing section 40 is inserted into 
each of the holes, whereby an optical fiber preform is 
prepared. When this optical fiber preform is drawn upon 
heating, an optical fiber having the stress providing sec- 
tions 40 is obtained. 

[01 09] An example of the above-mentioned manufac- 
turing method will be explained. Here, the core glass rod 
had a substantially parabolic refractive index distribution 
with its Ge0 2 doping concentration being 30 mol% at 
the maximum. The outer diameter of the core glass rod 
at the time of integration upon heating was 8 mm. On 
the other hand, the first cladding glass pipe was formed 
such that the refractive index distribution in the first clad- 
ding had a substantially stepped form with its F doping 
concentration being 1 .5 mol% at the maximum. 
[0110] At the time of integration upon heating, the first 
cladding glass pipe had an outer diameter of 32 mm and 
an inner diameter of 9 mm. Thus obtained first cladding 
glass pipe was etched with 300 cm 3 /min of SF 6 and 200 
cm 3 /min of Cl 2 at a heating temperature of 1500*C (the 
maximum temperature of glass surface measured by a 
pyroscope), so as to smooth the surface. 
[0111] Before the integration upon heating, baking 
was carried out with 500 cm 3 /min of Cl 2 at a heating tem- 
perature of 1500° C. The atmosphere gas within the pipe 
at the time of integration upon heating was constituted 
by 200 cm 3 /min of chlorine and 300 cm 3 /min of oxygen, 
whereas the degree of vacuum was 1 kPa therewithin. 
[0112] The integration upon heating was carried out 
while employing conditions in which the heating temper- 



ature was 1 700°C, the roughness of the inner peripheral 
surface of the first cladding glass pipe was 3 urn or less, 
th^ roughness of the outer peripheral surface of the core 
glass rod was 2 ujti or less, and the Ge0 2 concentration 

5 in an area having a thickness of 2 ujn or less from the 
outer peripheral surface in the core glass rod had a max- 
imum value of 3 mol%, whereby an intermediate glass 
rod (first intermediate glass rod) having an outer diam- 
eter of 30 mm without bubbles was obtained. 

10 [0113] After the first intermediate glass rod was ex- 
tended so as to attain an outer diameter of 9 mm, the 
outer peripheral part thereof was ground with HF solu- 
tion so as to attain an outer diameter of 6 mm, whereby 
the ratio of the core diameter to the first cladding diam- 

15 eter was adjusted to 0.40. Separately from the first in- 
termediate glass rod, a second cladding glass pipe to 
become the Inner peripheral part of the second cladding 
region 30 was prepared. The second cladding glass 
pipe was formed as an 3S0 2 glass pipe, made of sub- 

20 stantially pure Si0 2 , having an outer diameter of 32 mm 
and an inner diameter of 9 mm. The first intermediate 
glass rod was inserted into the second cladding glass 
pipe, and they were integrated upon heating, whereby 
a second intermediate glass rod having an outer diam- 

25 eter of 30 mm was obtained. 

[0114] Then, on the outer periphery of thus obtained 
second intermediate glass rod, a glass body to become 
the outer peripheral part of the second cladding region 
30 was synthesized as Si0 2 glass made of substantially 

30 pure Si0 2 as with the second cladding glass pipe by 
VAD or OVD method, whereby a third intermediate glass 
body was prepared. Here, the ratio of the second clad- 
ding diameter to the first cladding diameter was set to 
10.8. 

35 [01 15] Further, the third intermediate glass body was 
extended so as to attain an outer diameter of 36 mm. 
Here, in the extended third intermediate glass body, the 
part corresponding to the core region 10 had an outer 
diameter of 1 .3mm r whereas the part-corresponding to 

40 the first cladding region 20 had an outer diameter of 3.3 
mm. In the third intermediate glass body, two holes to 
become the stress providing sections 40 shown in Fig. 
1 5 were formed In the part corresponding to the second 
cladding region 30. These holes were formed such that 

^5 the distance between the respective centers of the two 
holes was 15.2 mm with each hole having an outer di- 
ameter of 10 mm. The respective centers of the two 
holes and the center of the core region 1 0 and first clad- 
ding region 20 were substantially arranged on a single 

50 |jne. 

[01 16] Thus formed holes were ground until the inner 
peripheral surface attained a roughness of 2 uxn or less, 
and then were washed with water, alcohol, and aqua re- 
gia so as to eliminate foreign matters such as abrasives 
55 and grinding dust. As a glass rod to become the stress 
providing section 40, a B 2 0 3 -doped Si0 2 glass rod hav- 
ing an outer diameter of 9 mm was inserted into each- 
hole so as to be sealed therein, whereby an optical fiber 
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preform was prepared. 

[0117] The optical fiber preform prepared according 
to the foregoing manufacturing method and conditions 
was drawn upon heating, whereby an optical fiber hav- 
mq the structure shown in Fig. 15 was obtained. Here, 5 
the glass rod inserted in the hole was integrated with the 
cladcmg region upon heating at the time of drawing, so 
as to yield the stress providing section 40. The configu- 
ration of thus obtained optical fiber was such that the 
outer diameter 2^ = 4.6 u/n and the relative refractive 10 
index difference A + = 3.0% in the core region 10, the 
outer diameter 2r 2 = 1 1 .6 um and the relative refractive 
index difference A~ = -0.5% in the first cladding region 
20 and the outer diameter 2r 3 =125 ujti in the second 
cladcmg region 30. 15 
[0118] With respect to light having a wavelength of 
1 55 am the optical fiber exhibited characteristics of: 

cispersion - + 0 01* ps/km/nm; 

ci^pcfbion slope = 4-0.042 ps/km/nm 2 ; 20 

effective area A cH = 10.6 pm 2 ; 

cuteff wavelength X c - 1349 nm; 

zero dispersion wavelength = 1550 nm; 

transmission loss = 1 .5 dB/km; 

mode field diameter = 3.75 um; 25 
ron:mcar coefficient y = 20.2/W/km; and -V 
crosstalk between polarization modes = -20 dB (at 
a fiber length of 1 km); 

whereby an optical fiber (nonlinear optical fiber) having 30 
favorable characteristics was obtained. 
[0119] As optical fibers having such a configuration, 
three kinds of optical fibers F1 to F3 in accordance with 
the present invention were further made as prototypes. 
[0120] As with the optical fibers E1 to E8, the optical 35 
fibers Fi to F3 were prepared such that the core region 
1 0 was made of Si0 2 doped with Ge0 2 approximately 
having a refractive index distribution of the a— 3.0 pow- 
er, the first cladding region 20 was made of F-doped 
Si0 2 . and the second cladding region 30 was made of *o 
F-doped Si0 2 or pure Si0 2 . The table of Fig. 16 shows 
the relative refractive index differences A + and A*, the F 
doping concentration of the second cladding region 30, 
the respective outer diameters 2r«, and 2r 2 of the core 
region 1 0 and first cladding region 20, and their resulting 
various characteristics in thus obtained optical fibers F1 
to F3. Among the listed characteristics, the OH absorp- 
tion transmission loss refers to the increase (excess ab- 
sorption loss) in the transmission loss at a wavelength 
of 1 .38 nm due to the OH group absorption. 
[0121] The characteristics of optical fibers F1 to F3 
shown in the table of Fig. 16 satisfy the following char- 
acteristic conditions with respect to light having a wave- 
length of 1 .55 ujti: 

an effective area A eff of 1 1 ujti 2 or less; 
a cutoff wavelength X c of at least 0.7 u/n but not ex- 
ceeding 1 .6 urn at a fiber length of 2 m; 



a transmission loss of 3.0 dB/km or less; 

a crosstalk between polarized waves of -15 dB or 

less; and 

a nonlinear coefficient y of at least 1 8/W/km. 

Employing a double-cladding structure as such can 
yield a highly nonlinear optical fiber having a favorable 
cutoff wavelength ^ even when the Ge0 2 concentration 
in the core is enhanced while the effective area A eff is 
reduced so as to increase the nonlinear coefficient y. 
Also, a polarization-maintaining optical fiber having a 
high nonlinearity is obtained. 

[0122] Here, the excess absorption loss caused by 
OH group with respect to light having a wavelength of 
1 .38 ujti is preferably 0.2 dB/km or less. Each of the op- 
tical fibers F1 to F3 shown in Fig. 16 satisfies this char- 
acteristic condition. 

[0123] The optical fiber having the configuration and 
characteristics mentioned above can yield a nonlinear 
optical fiber which actively utilizes a high nonlinearity 
and has favorable characteristics concerning the cutoff 
wavelength X c and the like by utilizing a nonlinear optical 
phenomenon exhibited when a predetermined wave- 
length of light is fed therein. Such a nonlinear optical 
fiber is applicable to various optical devices utilizing 
nonlinear optical phenomena. 

[0124] There are cases where an optical device such 
as an optical amplifier or wavelength converter using an 
optical fiber having the above-mentioned configuration 
as a nonlinear optical fiber employs a configuration of 
an optical module (e.g., optical amplifier module or 
wavelength converter module) in which the optical de- 
vice is modularized by accommodating therein the op- 
tical fiber formed into a coil. In such a case, it is preferred 
that various characteristics of the optical fiber such as 
bending characteristics including the strength against 
the bending of the optical fiber and changes in bending 
loss be kept such that they are suitable for modulariza- 
tion. . ^ , . - _ . „ 

[0125] For this matter, as a configuration of the optical 
fiber, it is preferable for the glass portion of the optical 
fiber to have an outer diameter of 1 00 ujti or less. More , 
preferably, the glass portion has an outer diameter of 90 s 
jim or less. When the glass portion has a small outer 
diameter as such, an optical fiber having a sufficient 
strength including that against bending can be obtained 
even when the coating portion disposed on the outer pe- 
riphery of the glass portion has a small diameter. 
[0126] When the strength of the optical fiber against 
bending is concerned, a bending stress occurs in each 
part within the glass portion of the optical fiber when the 
optical fiber is bent so as to be accommodated as a coil 
within the optical module. This bending stress may 
cause the optical fiber to break depending on the 
strength of the optical fiber against bending. 
[0127] Specifically, when the optical fiber is bent and 
wound like a coil, its resulting bending stress is substan- 
tially zero at the center part (near the center axis) of the 
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glass portion in the optical fiber. By contrast, a compres- 
sive stress occurs within the glass portion in the part on 
the radially inner side of the optical fiber coil, since the 
bending diameter in this part is smaller than that in the 
center part. In the part on the radially outer side of the 
optical fiber coil, on the other hand, a tensile stress oc- 
curs within the glass portion, since the bending diameter 
in this part is greater than that in the center part. The 
compressive stress and tensile stress become greater 
as the distance from the center part of the glass portion 
is longer. 

[01 28] In the optical fiber having the above-mentioned 
configuration in which the glass portion has a smaller 
outer diameter, the part of glass portion located on the 
radially innermost or outermost side of the coil reduces 
its distance from the centerpart, whereby the magnitude 
of stress occurring within the glass portion of the optical 
fiber decreases. As a consequence, the'strength of the 
optical fiber against bending is improved, whereby the 
optical fiber is prevented from breaking due to the stress 
when formed into a coil. 

[01 29] In the above-mentioned optical fiber of a dou- 
ble-cladding structure having a high nonlinearity, the ex- 
tent of the electro-magnetic field distribution of light 
transmitted in the glass portion is narrow, since the ef- 
fective area is made smaller, and so forth. Also\such 
an optical fiber has a large numerical aperture WA in 
general. Therefore, the bending loss of the above-men- 
tioned optical fiber is small, and the smaller outer diam- 
eter of its glass portion is less influential in the transmis- 
sion loss. Thus obtained is an optical fiber having a suf- 
ficient strength against bending, while reducing the 
bending loss, thus yielding favorable bending charac- 
teristics. 

[0130] The glass portion of the optical fiber refers to 
the part including the core region, first cladding region, 
and second cladding region other than the coating por- 
tion made of a resin disposed at the outer periphery of 
the optical fiber and the like, lathe optical fibers shown 
in Figs. 1 and 7, for example, the part constituted by the 
core region 10, first cladding region 20, and second 
cladding region 30 is the glass portion. When other clad- 
ding regions made of glass are further provided at the 
outer periphery of the second cladding region, the part 
including these cladding regions as well is the glass por- 
tion. 

[01 31 ] Preferably, the coating portion disposed at the 
outer periphery of the glass portion has an outer diam- 
eter of 150 pm or less. More preferably, the outer diam- 
eter of the coating portion is 120 urn or less. When the 
coating portion has a small outer diameter as such, the 
optical module can be made smaller when the optical 
fiber is formed into a coil so as to be accommodated in 
the optical module. When the size of the optical module 
is fixed, a longer optical fiber can be formed into a coil 
so as to be accommodated therein. 
[0132] When characteristics of an optical fiber em- 
ployed as a nonlinear optical fiber in an optical device 



are concerned, it is preferred that the transmission loss 
be 5.0 dB/km or less in characteristics with respect to 
light having a wavelength of 1 .00 ujti. More preferably, 
the transmission loss is 3.0 dB/km or less. 
5 [0133] When the transmission loss on the shorter 
wavelength side is lowered as such, it is possible to yield 
an optical fiber having favorable characteristics suitable 
when employed as a nonlinear optical fiber in the optical 
device, e.g., the transmission loss at an excitation light 
10 wavelength in Raman amplification is reduced therein. 
[01 34] When Si0 2 glass doped with a high concentra- 
tion of Ge0 2 is synthesized by MCVD method so as to 
prepare an optical fiber having a large relative refractive 
index difference An, for example, the transmission loss 
is deteriorates since there are many glass defects. Such 
a tendency becomes remarkable on the shorter wave- 
length side in particular. By contrast, the above-men- 
tioned configuration and manufacturing method of the 
opticai fiber can yield an optical fiber in which the trans- 
20 mission loss on the shorter wavelength side is fully re- 
duced. Also, since the Rayleigh scattering coefficient 
decreases in such an optical fiber, the signal noise oc- 
curring upon Raman amplification due to double 
Rayleigh scattering can be suppressed. 
25 [01 35] Taking account of the foregoing conditions, an 
optical fiber having the double-cladding structure shown 
in Fig. 1 was prepared. Its configuration was such that 
the outer diameter 2n, = 4.6 u.m and the relative refrac- 
tive index difference A+ = 3.2% in the core region 10, 
30 the outer diameter 2r 2 =13.1 ujti and the relative refrac- 
tive index difference A" = -0.50% in the first cladding re- 
gion 20, and the outer diameter (the outer diameter of 
the glass portion of the optical fiber) 2r 3 = 1 1 0 u/n in the 
second cladding region 30. Here, the F doping concen- 
35 tration in the second cladding region 30 was 0.6 mol%. 
The coating portion covering the optical fiber from the 
outer periphery thereof had an outer diameter of 150 
urn. 

[01 36] ... With respect to light having a wavelength of. 
^0 1 .55 p.m, the optical fiber exhibited characteristics of: 

dispersion = -0.64 ps/km/nm; 
dispersion slope = +0.042 ps/km/nm 2 ; 
effective area A^ = 10.0 ujti 2 ; 
45 cutoff wavelength A,. = 1 396 nm; 

zero-dispersion wavelength = 1565 nm; 
transmission loss = 0.70 dB/km; 
nonlinear coefficient y = 22.2/W/km; and 
polarization mode dispersion PMD= 0.05 ps/Jkm\ 
50 whereby an optical fiber (nonlinear optical fiber) 
having favorable characteristics was obtained. 

[01 37] The optical fiber of this example was wound on 
a bobbin having a diameter of 60 mm by a fiber length 
55 of 1 .0 km, so as to form a coil, and a module was made. 
Fig. 1 7 shows the dependence of the transmission loss 
upon wavelength in such an optical fiber. In the graph 
of Fig. 17, the abscissa indicates the wavelength X (nm) 
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of light transmitted through the optical fiber, whereas the 
ordinate indicates the transmission loss'( dB/km) at each 
wavelength. 

[0138] As can be seen from this graph, a favorable 
optical module whose transmission loss does not dete- s 
riorate even in a longer-wavelength region can be pre- 
pared when this optical fiber is used. Such an optical 
fiber can be used, for example, in a wavelength convert- 
er module to which excitation light at a wavelength 
around 1565 nm is supplied, so as to convert signal light 
whose wavelength band lies in C band into L band or 
vice versa. Also, it can be used in a Raman amplifier 
module which optically amplifies signal light when exci- 
tation light having a wavelength shorter than that of the 
signal light is supplied thereto. 

[01 39] While this optical fiber was prepared according 
to the method of making an optical fiber mentioned 
above in connection with Fig. 1 , its transmission loss 
with respect to light having a wavelength of 1 .00 jim was 
3.4 dB/km. This is a low value satisfying the condition 
of 5.0 dB/km or less. The optical fiber having a low trans- 
mission loss on the shorter wavelength side as such re- 
duces the t* ansmission loss at an excitation wavelength 
for Raman amplification located on the shorter wave- 
length side than the signal light. Also, since the Rayleigh 
scattering coefficient decreases in such an optical fiber, 
noise can be restrained from occurring due to double 
Rayleigh scattering. 

[01 40] As another optical fiber, an optical fiber having 
the double-cladding structure shown in Fig. 1 was pre- 
pared. Its configuration was such that the outer diameter 
2r-| = 2.5 u.m and the relative refractive index difference 
A + = 2.9% in the core region 10, the outer diameter 2r 2 
= 10.0 u/n and the relative refractive index difference A* 
= -0.50% in the first cladding region 20, and the outer 
diameter (the outer diameter of the glass portion of the 
optical fiber) 2r 3 = 89 jxm in the second cladding region 
30. Here, the F doping concentration in the second clad- 
ding region 30 was 0.6 mol%. The outer diameter of the 
coating portion covering the optical fiber from the outer 
periphery was 115 ujti. 

[0141] With respect to light having a wavelength of 
1 .55 ujti, this optical fiber exhibited characteristics of: 

dispersion = -110.6 ps/km/nm; 
dispersion slope = -0.408 ps/km/nm 2 ; 
effective area A eff =10.6 urn 2 ; 
cutoff wavelength X c = 729 nm; 
transmission loss = 0.52 dB/km; 
nonlinear coefficient y = 20.0/W/km; and 
polarization mode dispersion PMD= 0.03 ps/Jkm] 
whereby an optical fiber (nonlinear optical fiber) 
having favorable characteristics was obtained. 

[01 42] This optical fiber has a negative dispersion and 
a negative dispersion slope. As a consequence, this op- 
tical fiber is ahighlynonlinear optical fiberwhich ; in the 
1 .55-ujti band, can compensate for both of the disper- 



sion and dispersion slope of a single-mode optical fiber 
having a zero-dispersion wavelength in the 1 .3-jxm 
band. 

[0143] The glass portion in this optical fiber has a 
small outer diameter of 89 ujti, satisfying the condition 
of not greater than 1 00 ujti, and further the condition of 
not greater than 90 ujti. Also, the coating portion has a 
small outer diameter of 115 ujti, satisfying the condition 
of not greater than 150 urn, and further the condition of 
not greater than 120 ujti. As a consequence, it is an op- 
tical fiber having favorable bending characteristics when 
formed into a coil. 

[01 44] The optical fiber in accordance with this exam- 
ple was formed into a coil by a fiber length of 7.7 km, so 
as to be modularized. Here, when forming a coil, the op- 
tical fiber was not wound on a bobbin. Employed here 
was a configuration in which, as Fig. 18 shows the con- 
figuration of an optical fiber coil, the optical fiber F was 
formed into a coil without being wound on a bobbin, and 
the resulting coil-shaped fiber bundle was covered with 
a coating resin R. 

[01 45] In such a configuration . no winding tension oc- 
curs since it has no bobbin for winding the optical fiber, 
whereas there is no problem of distortion caused by the 
tare weight of the optical fiber since the fiber bundle as 
a whole is covered with a resin. As a consequence, the 
deterioration in transmission loss caused by microbend 
can greatly be suppressed. 

[01 46] Fig. 1 9 shows the dependence of the transmis- 
sion loss upon wavelength in such an optical fiber. In 
Rg. 1 9, the abscissa indicates the wavelength X (nm) of 
light transmitted through the optical fiber, whereas the 
ordinate indicates the transmission loss (dB/km) at each 
wavelength. 

[0147] As can be seen from this graph, a favorable 
optical module whose transmission loss does not dete- 
riorate in the longer wavelength region can be prepared 
when the above-mentioned optical fiber and configura- 
tion^ optical fiber^coi I are used. The optical fiber exhib- 
ited such a favorable temperature characteristic that the 
fluctuation in transmission loss is ±0.01 dB/km or less 
within the temperature range of -40°C to +80° C with re- 
spect to light having a wavelength of 1620 nm which is 
the most susceptible to the temperature fluctuation. On 
the other hand, in the usual configuration of winding the 
optical fiber on a bobbin, the winding tension within the 
optical fiber changes because of the thermal expansion 
of the bobbin, and thus the deterioration of the temper- 
ature characteristic tends to occur in the longer wave- 
length region. . 

[01 48] While this optical fiber was prepared according 
to the method of making an optical fiber mentioned 
above in connection with Fig. 1, its transmission loss 
with respect to light having a wavelength of 1 .00 jojti was 
2.1 dB/km. This is a low value satisfying the condition 
of 5.0 dB/km or less, and further the condition of 3.0 dB/ 
km or less. The optical fiber having a low transmission 
loss on the shorter wavelength side as such reduces the 
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transmission loss at an excitation wavelength for Ram- 
an amplification located on the shorter wavelength side 
than the signal light. Also, since the Rayleigh scattering 
cocffc»cnt decreases in such an optical fiber, noise can 
be restrained from occurring due to double Rayleigh 
scattering 

[0149] Also, this optical fiber can compensate In the 
1 55-pm band for both of the dispersion and dispersion 
slope of the fiber length 50 km of a single-mode optical 
fiber having a zero-dispersion wavelength In the 1 .3-jim 
band. 

[01 50] As another optical fiber, an optical fiber having 
the double-cladding structure shown In Fig. 1 was pre- 
pared Us configuration was such that the outer diameter 
2r, - 2 2 urn and the relative refractive index difference 
A* 3 2°o m tne core region 10, whereas the outer di- 
ameter 2r 2 -88 and the relative refractive index dif- 
tccnccx --- -0 60°.a in the first cladding region 20. Here, 
the F uopirg concentration in the second cladding re- 
gion 30 wrts 0 6 mol%. 

[0151] With respect to light having a wavelength of 
1 55 .im this optical fiber exhibited characteristics of: 

cispcrsion * -205.7 ps/krn/nm; 

Dispersion slope = -1 .35 ps/km/nm 2 ; 

effective area A eff - 10.1 urn 2 ; > 

cutoff wavelength X c = 707 nm; f 

transmission loss = 0.51 dB/km; 

nonlinear coefficient y = 21 .7/W/krn; and 

polarization mode dispersion PMD= 0.01 ps/Jkm; 

whereby an optical fiber (nonlinear optical fiber) having 
favorable characteristics was obtained. 
[0152] With respect to light having a wavelength of 
1 .50 urn. this optical fiber exhibited characteristics of: 

dispersion = -147.4 ps/km/nm; 

dispersion slope = -0.696 ps/km/nm 2 ; 

effective area A eff = 8.6 uxn 2 ; 

transmission loss = 0.58 dB/km; 

nonlinear coefficient y = 24.0/W/km; and 

polarization mode dispersion PMD= QMps/Jkm. 

[01 53] This optical fiber has a negative dispersion and 
a negative dispersion slope. As a consequence, this op- 
tical fiber is a highly nonlinear optical fiber which, in the 
1 .50-um band, can compensate for both of the disper- 
sion and dispersion slope of a single-mode optical fiber 
having a zero-dispersion wavelength in the 1 .3-u.m 
band. Therefore, for example, it can be used as a Ra- 
man amplification optical fiber by supplying thereto ex- 
citation light having a wavelength in the 1 .40-um band. 
[01 54] Explained in the following are a Raman ampli- 
fier (optical amplifier) and a wavelength converter as ex- 
amples of optical devices (or optical modules in which 
these devices are modularized) which can employ the 
optical fiber having the above-mentioned configuration 
and characteristics as a nonlinear optical fiber. 



[0155] Rg. 20 is a diagram showing an embodiment 
of the Raman amplifier in accordance with the present 
invention. This Raman amplifier 100 optically amplifies 
inputted signal light having a wavelength X s \ and com- 

5 prises a Raman amplification optical fiber 1 1 0 (having a 
cutoff wavelength in which the above-mentioned op- 
tical fiber is employed as a nonlinear optical fiber, and 
an excitation light source 150 for supplying excitation 
light having a predetermined wavelength Xp to the Ra- 

10 man amplification optical fiber 110. 

[0156] By way of an optical multiplexer 160 located 
downstream the Raman amplification optical fiber 110, 
the excitation light source 1 50 is connected to an optical 
transmission line in the Raman amplifier 1 00. Thus, the 

is Raman amplifier 1 00 is configured as a counter-propa- 
gating pumping (backward pumping) optical amplifier. 
Therefore, the inputted signal light is optically amplified 
by use of the stimulated Raman effect, which is a non- 
linear optical phenomenon exhibited in the Raman am- 

20 plif ication optical fiber 1 1 0, and is outputted as amplified 
light. 

[0157] Unlike optical amplifiers such as EDFA, such 
a Raman amplifier is not selective about wavelength 
bands to be amplified, and has a wide amplification 

25 wavelength band of about 1 00 nm when it is an Si0 2 
type optical fiber, thereby being suitable for optical am- 
plification in WDM transmissions having a wide band- 
width. Employed as the wavelength Xp of excitation light 
is a wavelength shorter than the wavelength of signal 

30 light. For example, when signal light in the 1 .55-um 
wavelength band is to be optically amplified, excitation 
light having a wavelength of about 1 .45 urn is used. 
[0158] When WDM signals are to be optically ampli- 
fied in a collective manner by the Raman amplification 

35 optical fiber 110 employed in the Raman amplifier 1 00, 
it is preferred that the dispersion value with respect to 
signal light having the wavelength X;. be at least +2 ps/ 
km/nm or not exceeding -2 ps/km/nm so that no four- 
• - - wave mixing occurs. For example, the optical fibers- E1 

40 and E2 in Fig. 14 are preferable with respect to signal 
light in the 1 .55-pjn wavelength band. 
[0159] When the dispersion value is positive, it is nec- 
essary for the core region 10 to enhance the outer di- 
ameter 2r t , whereby the cutoff wavelength X^. becomes 

45 relatively long. By contrast, the above-mentioned optical 
fiber having the double-cladding structure can make the 
cutoff wavelength X c shorter than the excitation light 
wavelength Xp of about 1 .45 \im (X^ < Xp). When X c < Xp, 
light can be amplified with a high efficiency in a single 

50 mode. 

[0160] When nonlinear optical fibers having positive 
and negative dispersion values, respectively, are com- 
bined together, a Raman amplifier having a zero disper- 
sion as a whole can be constructed. Fig. 21 shows a 
55 conflgurational example of such a Raman amplifier. 
[0161] The Raman amplifier 200 has a configuration 
similar to that of the Raman amplifier 100 shown in Fig. 
20, but differs therefrom in that the Raman amplification 
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optical fiber 11 0 is a nonlinear optical fiber having a neg- 
ative dispersion value (e.g., -2 ps/km/hrn or less), and 
that a Raman amplification optical fiber 120 having a 
positive dispersion value (e.g., +2 ps/km/nm or greater) 
is serially connected between the Raman amplification 5 
optical fiber 110 and the optical multiplexer 1 60. Such a 
configuration can cause the dispersion of the outputted 
amplified light to become substantially zero. 
[01 62] Though EDFA cannot optically amplify the sig- 
nal light in the wavelength band of 1.45 to 1.53 \um 10 
known as S band, the Raman amplifier nonselective 
about the wavelength band to be excited can optically 
amplify signal light whose wavelength X,. is at least 1 .45 
u.m but not longer than 1.53 u,m. Also, as mentioned 
above, the double-cladding structure can shorten the 15 
cutoff wavelength X c as exemplified by the optical fiber 
E5 in Fig. 14, thereby being favorably applicable to op- 
tical amplification of signal light in the S band. The dis- 
persion value of the optical fiber E5 at a waveiength of 
1.40 p.m is -6.1 ps/km/nm, thus being in a preferable 20 
range. 

[0163] In the case where the dispersion value of the 
optical transmission line is positive within the signal 
wavelength band in use, the Raman amplifier can be 
used as both of an optical amplifier and a dispersion 25 
compensator for the optical transmission line having a 
positive dispersion value, if the dispersion value of the 
Raman amplification optical fiber used in the Raman 
amplifier is set negative. Here, if the, dispersion value 
with respect to signal light having the wavelength Xg is 30 
-10 ps/km/nm or less, the amount of dispersion compen- 
sation will be so large that the Raman amplifier can fa- 
vorably be utilized in particular as a dispersion compen- 
sator as well. Also, it is preferred that the effective area 
A eH be 1 0 jim 2 or less. 35 
[01 64] Further, as exemplified by the optical fibers E3 
and E4 in Fig. 14 and the optical fiber F1 in Fig. 16, the 
nonlinear optical fiber having the double-cladding struc- 
ture can cause the dispersion slope to have a negative, 
value (a value smaller than 0 ps/km/nm 2 ) at the wave- 40 
length of signal light. In this case, not only the dispersion 
but also the dispersion slope of the transmission line 
having a positive dispersion and a positive dispersion 
slope can be compensated for. Therefore, it is favorable 
in WDM transmissions. *s 
[0165] Here : for realizing Raman amplification at a 
high efficiency, it is preferred that nonlinearity be higher 
at the wavelength Xp of excitation light in the nonlinear 
optical fiber used in a Raman amplifier. For preventing 
the transmission quality from deteriorating due to non- 50 
linear effects, it is preferred that the nonlinearity at the 
wavelength Xg of the signal light be lower. 
[0166] For realizing such characteristic conditions 
concerning the nonlinearity in the nonlinear optical fiber 
employed in an optical amplifier, it is preferred that the 55 
effective area A eff p at the waveiength Xp of excitation 
light and the effective area A e u s at the wavelength Xp + 
0.1 um satisfy the relational expression of 



whereby the effective area A eff s is greater than the ef- 
fective area A effp by at least 10%. 
[0167] ThewaveiengthXp + 0.1 ujti obtained when 0.1 
uin is added to the wavelength Xp of excitation light cor- 
responds to the wavelength of signal light optically 
amplified in the Raman amplifier. Therefore, according 
to the characteristic conditions satisfying the above- 
mentioned relational expression, the effective area A eff p 
can be reduced, so as to increase the nonlinearity with 
respect to excitation light at the wavelength Xp, thereby 
improving the efficiency in optical amplification. Also, 
the effective area A eff s can be enhanced, so as to lower 
the nonlinearity with respect to signal light at the wave- 
length Xp + 0.1 ujti, thereby suppressing the deteriora- 
tion in transmission quality of signal light. 
[G168] For example, the phase shift amount caused 
by self-phase modulation is proportional to the recipro- 
cal of the effective area. Therefore, if the effective area 
Agfl s atthe wavelength Xg of signal light, which is around 
Xp + 0.1 jam, is greater than the effective area Ag ff p at 
the wavelength Xp of excitation light by 1 0%, the phase 
shift amount will be smaller by 10%. 
[01 69] While taking account of the characteristic con- 
ditions of effective area A ef! , an optical fiber having the 
double-cladding structure shown in Fig. 1 was prepared. 
Its configuration was such that the outer diameter 2n, = 
3.1 |im and the relative refractive index difference A + = 
3.4% in the core region 10, whereas the outer diameter 
2r 2 = 8.8 uj*n and the relative refractive index difference 
A* = -0.15% in the first cladding region 20. Here, the F 
doping concentration in the second cladding region 30 
was 1 .1 mol%. 

[0170] With respect to light having a wavelength of 
1.55 u.m, this optical fiber exhibited characteristics of: 

dispersion^ -49.0 ps/km/nm; 

dispersion slope = +0.005 ps/km/nm 2 ; 

effective area A^ = 8.4 u.m 2 ; 

cutoff wavelength = 1060 nm; 

transmission loss = 0.54 dB/krn; 

nonlinear coefficient 7 = 23.4/W/km; and 

polarization mode dispersion PMD= 0.02ps/Jkim. 

[0171] Fig. 22 shows the dependence of effective ar- 
ea A eff upon wavelength in the optical fiber of this ex- 
ample. In the graph of Fig. 22, the abscissa indicates 
the wavelength X (nm) of light transmitted through the 
optical fiber, whereas the ordinate indicates the effective 
area A eff (^m 2 ) at each wavelength. In this optical fiber, 
as shown in the graph, the effective area A eff increases 
as the wavelength X becomes longer. 
[0172] For example, when excitation light whose 
wavelength Xp = 1 .40 jim is used with respect to signal 
light whose wavelength Xg = 1 .50 p.m, the effective area 
is: 
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A eff t s - 7 85 ^ m2 for tne s '9 na| ''g^i and 

Ae ff p = 6.93 [urn 2 for the excitation light. Here, the 
difference between the respective effective areas at 
the wavelengths ^ and Xp is 

5 

(^--4^^X100-13^%. 

[0173] When excitation light whose wavelength Xp = 
1 .45 |im is used with respect to signal light whose wave- 10 
length X^ = 1 .55 urn, the effective area is: 

A eff,s = 837 M- m2 for th® signal light; and 
A eff! P 55 7- 37 ^ for the excitation light. 

75 

Here, the difference between the respective effective ar- 
eas at the wavelengths X s and Xp is 

(Aeff.sAeff. P YKff,p>< 100=13.6%. 2Q 

[0174] When excitation light whose wavelength Xp = 
1 .50 \im is used with respect to signal light whose wave- 
length X^ = 1 .60 ujti, the effective area is: 

25 

A eff,s - 8 93 MJ^ 2 f° r t° e signal light; and \ r 
A eJf p = 7.85 u-m 2 for the excitation light. Here, the 
difference between the respective effective areas at 
the wavelengths and Xp is 

30 

[0175] In this optical fiber, as in the foregoing, a favo- 
rable characteristic condition of 35 

(A eff yA enp )fA effp ^00^0^ 

is satisfied for any signal light whose wavelength X^ = 40 
1 .50 ujti, 1 .55 am, or 1 .60 ujti. This makes it possible to 
realize a nonlinear optical fiber and Raman amplifier 
which can improve the efficiency in optical amplification 
with respect to light within the wavelength range includ- 
ing these wavelengths and suppress the deterioration 45 
in transmission quality of signal light. 
[0176] Fig. 23 is a diagram showing an embodiment 
of the wavelength converter in accordance with the 
present invention. The wavelength converter 300 is 
used for wavelength conversion of inputted signal light 50 
having a wavelength X^; and comprises a wavelength- 
converting optical fiber 310 (having a cutoff wavelength 
X^) employing the above-mentioned optical fiber as a 
nonlinear optical fiber, and an excitation light source 350 
for supplying the excitation light having a predetermined 55 
wavelength Xp to the wavelength -converting optical fiber 
310. 

[0177] By way of an optical multiplexer 360 disposed 



upstream the wavelength-converting optica! fiber 310, 
the excitation light source 350 is connected to an optical 
transmission line within the wavelength converter 300. 
As a consequence, the inputted signal light having a 
wavelength X<. is wavelength -converted by utilizing four- 
wave mixing, which is a nonlinear optical phenomenon 
exhibited in the wavelength -converting optical fiber31 0, 
and is outputted as converted light having the following 
wavelength X^': 

by way of a wavelength selector 370 (see Fig. 24A). 
[0178] Here, as for the signal light inputted to the 
wavelength converter 300, a plurality of signal light com- 
ponents having wavelengths different from each other 
can be inputted simultaneously. In this case, aplurality 
of converted light components each having a wave- 
length corresponding to the wavelength of the respec- 
tive signal light component are obtained on the inputted 
signal light components. 

[0179] Such a wavelength converter can separately 
or collectively wavelength-convert WDM signals having 
a high transmission speed per channel. As exemplified 
by the optical fibers E6 and E8 in Fig. 1 4 and the optical 
fiber F3 in Fig. 1 6, nonlinear optical fibers having a dou- 
ble-cladding structure can fully enhance the nonlinear 
coefficient y, so as to carry out wavelength conversion 
with a high efficiency, while keeping the cutoff wave- 
length X c short. In particular, wavelength conversion can 
be carried out with a high efficiency in a single mode if 
the cutoff wavelength X c is made shorter than each of 
the respective wavelengths X^, X^', and Xp of signal light, 
converted light, and excitation light (X^. < X^, Xg', Xp). 
[01 80] Since four-wave mixing is likely to occur when 
the respective phases of signal light, excitation light, and 
converted light match with each other, the dispersion 
value with respect to excitation light- having a wave- - 
length Xp is preferably within the range of at least -0.2 
ps/km/nm but not greaterthan +0.2 ps/km/nm and, more 
preferably, the excitation light wavelength Xp substan- 
tially coincides with the zero dispersion wavelength in 
particular. When the power of excitation light is raised, 
the optical power of converted light to be outputted can 
be made greaterthan that of inputted signal light. In this 
case, the wavelength converter can also be utilized as 
a parametric amplifier. 

[0181] In the wavelength conversion from C band to 
S band, it is desirable that the zero-dispersion wave- 
length be near 1 .53 \um and that the cutoff wavelength 
X^ be shorter than the wavelength X^' of the converted 
light. Such characteristic conditions can be realized by 
nonlinear optical fibers having a double-cladding struc- 
ture as exemplified by the optical fiber E7 in Fig. 14. 
[01 82] When the excitation light source 350 is a wave- 
length-variable light source, so that the wavelength Xp 
of excitation light is changed, any wavelength conver- 
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sion is possible. In the example of Fig. 24B, for instance, 
the excitation light wavelength is with respect to sig- 
nal light having a wavelength ^ whereby converted 
light having a wavelength X^': 

is obtained. When the excitation light wavelength is 
changed to \ 2 as shown in Fig. 24C, converted light 
having a wavelength : 

which differs from the wavelength X^' can be obtained. 
For matching phases, the dispersion value with respect 
to the excitation light wavelength is preferably within the 
range of at least -0.2 ps/km/nm but not greater than +0.2 
ps/km/nm in this case as well. 

[0183] When carrying out Raman amplification of C 
band, the excitation light has a wavelength near 1 .45 
\xm. When carrying out Raman amplification of S band, 
the excitation light has a wavelength of 1 .3 to 1 .4 ^m, 
whereas the signal light has a wavelength of 1 .45 to 1 .53 
ujti. When carrying out wavelength conversion; to S 
band or wavelength conversion from S band to C br^L 
band, signal light or converted light has awavelength 
ranging of 1 .45 to 1 .53 urn. These cases are susceptible 
to the absorption loss at a wavelength of 1.38 urn 
caused by OH group. By contrast, the optical fibers E1 
to E8 in Fig. 14 and the optical fibers F1 to F3 in Fig. 1 6 
can favorably be used in such cases as well since the 
increase in transmission loss (excess absorption loss) 
caused by OH group absorption at a wavelength of 1 .38 
u.m is 0.2 dB/km or less in each of them as mentioned 
above. 

[01 84] As explained in detail in the foregoing, the op- 
tical fiber and nonlinear optical fiber, the optical amplifier 
and wavelength converter using the same, and the 
method of making an optical fiber in accordance with the 
present invention yield the following effects. Namely, the 
optical fiber and nonlinear optical fiber having the con- 
figuration mentioned above not using a single-cladding 
structure but a double-cladding structure can fully short- 
en the cutoff wavelength \. even when, in order to in- 
crease the nonlinear coefficient y, the concentration of 
Ge0 2 added into the core is enhanced so as to raise the 
nonlinear refractive index and the relative refractive in- 
dex difference between the core and cladding is made 
greater so as to reduce the effective area A eff . Also, this 
configuration can make the dispersion slope negative. 
Further, a polarization-maintaining fiber having a high 
nonlinearity and a highly nonlinear optical fiber having 
a low transmission loss while exhibiting a small polari- 
zation mode dispersion are obtained. When the glass 
portion or coating portion of the optical fiber has a small 
diameter, an optical fiber suitable for modularization in 



optical devices can be obtained. 
[0185] The above-mentioned method of making the 
optical fiber in which a core glass rod and a first cladding 
glass pipe are integrated upon heating under a prede- 

5 termined condition can make an optical fiber of a double- 
cladding structure having a high nonlinearity with favo- 
rable characteristics such as low transmission loss. 
Such an optical fiber can be employed as a nonlinear 
optical fiber exhibiting a high nonlinearity while having 

io u favorable characteristics concerning cutoff wavelength 
and the like in optical devices utilizing nonlinear op- 
tical phenomena, such as optical amplifiers and wave- 
length converters. In particular, it can carry out optical 
amplification and wavelength conversion with a high ef- 

*5 ficiency in a single mode, since the cutoff wavelength ^ 
becomes a short wavelength. 

[01 86] From the invention thus described, It will be ob- 
vious that the embodiments of the invention may be var- 
ied in many ways. Such variations are not to be regarded 
20 as a departure from the spirit and scope of the invention , 
and all such modifications as would be obvious to one 
skilled in the art are intended for inclusion within the 
scope of the following claims. 



1. An optical fiber comprising, at least, a core region 
having a maximum refractive index value of n 1 ; a 

30 first cladding region, disposed at an outer periphery 
of said core region, having a minimum refractive in- 
dex value of n 2 (where n 2 < n n ); and a second clad- 
ding region, disposed at an outer periphery of said 
first cladding region, having a maximum refractive 
35 index value of n 3 (where n 2 < n 3 < n.,); and having, 
as characteristics with respect to light having a 
wavelength of 1 .55 u.m, 

. ». an effective area of 11 -jim 2 or less,. 
40 a cutoff wavelength X c of at least 0.7 u,m but not 

exceeding 1 .6 u.m at a fiber length of 2 m, and 
a nonlinear coefficient of at least 18/W/km. 

2. An optical fiber according to claim 1 , further having, 
45 as characteristics with respect to light having a 

wavelength of 1 .55 u,m, 

a transmission loss of 3.0 dB/km or less, and 
a crosstalk of -1 5 dB or less between polarized 
so waves. 

3. An optical fiber according to claim 1 , further having, 
as characteristics with respect to light having a 
wavelength of 1 .55 ujn, 

55 

a transmission loss of 1 .0 dB/km or less, and 
a polarization mode dispersion of 0.3 ps/Jkmor 
less. 
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4. An optical fiber according to claim 1 , wherein said 
core region and said second cladding region have 
therebetween a relative refractive index difference 
A + which is at least 2.7% with reference to said sec- 
ond cladding region. 



8. An optical fiber according to claim 1 , wherein a 
glass portion including said core region, first clad- 
ding region, and second cladding region has an out- 
er diameter of 1 00 |xm or less. 



fed into said nonlinear optical fiber; 

wherein a nonlinear optical phenomenon ex- 
hibited in said nonlinear optical fiber is utilized for 
5 optically amplifying said signal light. 

16. An optical amplifier according to claim 15, wherein 
said nonlinear optical fiber has a dispersion value 
of at least +2 ps/km/nm or not greater than -2 ps/ 
km/nm with respect to said signal light having a 
wavelength X^ 

17. An optical amplifier according to claim 15, wherein 
said nonlinear optical fiber has a dispersion value 
of -1 0 ps/km/nm or less with respect to said signal 
light having a wavelength X^, and an effective area 
of 10 ujti 2 or less. 

IS. An optical amplifier according to claim 17, wherein 
said nonlinear optical fiber has a dispersion slope 
value smaller than 0 ps/km/nm 2 with respect to said 
signal light. 



5. An optical fiber according to claim 1 , further com- 
prising a hermetic coat disposed on an outer periph- 
ery of said second cladding region. 

6. An optical fiber according to claim 1, wherein ex- 
cess absorption loss caused by OH group with re- 
spect to light having a wavelength of 1 .38 ujti is 0.2 
dB/km or less. 

7. An optical fiber according to claim 1 , wherein said 
second cladding region is doped with fluorine. 



9. An optical fiber according to claim 8, wherein said 
glass portion has an outer diameter of 90 pm or less. 

10. An optical fiber according to claim 1 , wherein a coat? 
ing portion disposed at an outer periphery of a glass 
portion including said core region, first cladding re- 
gion, and second cladding region has an outer di- 
ameter of 150 u/n or less. 

11. An optical fiber according to claim 10, wherein said 
coating portion has an outer diameter of 1 20 pjn or 
less. 

1 2. An optical fiber according to claim 1 , having a trans- 
mission loss of 5.0 dB/km or less as a characteristic 
with respect to light having a wavelength .of 1.00 um 

13. An optical fiber according to claim 12, wherein said 
transmission loss is 3.0 dB/km or less as a charac- 
teristic with respect to light having a wavelength of 
1 .00 u.m. 

14. A nonlinear optical fiber which is the optical fiber ac- 
cording to claim 1 utilizing a nonlinear optical phe- 
nomenon exhibited when light having a predeter- 
mined wavelength is fed therein. 

15. An optical amplifier comprising: 

the nonlinear optical fiber according to claim 1 4 
having a cutoff wavelength X c ; and 
an excitation light source for supplying excita- 
tion light having a predetermined wavelength 
Xp (where \<X p )to said nonlinear optical fiber 
with respect to signal light having a wavelength 



19. An optical amplifier according to claim 15, wherein 
25 said signal light has a wavelength X^ of at least 1 .45 

urn but not exceeding 1 .53 urn. 

20. An optical amplifier according to claim 1 5, satisfying 
the relational expression for said nonlinear optical 

30 fiber of: 

35 where A eff p is the effective area at said wavelength 
Xp of said excitation light, and A efl s is the effective 
area at a wavelength Xp + 0.1 u,m. 

21 . A wavelength converter comprising: 

40 

the nonlinear optical fiber according to claim 1 4 
having a cutoff wavelength \.\ and 
an excitation light source for supplying excita- 
tion light having a predetermined wavelength 
45 Xp (where \. < Xp) to said nonlinear optical fiber 

with respect to signal light having a wavelength 
X^ (where X,. < X^) fed into said nonlinear optical 
fiber; 

50 wherein a nonlinear optical phenomenon exhibited 
in said nonlinear optical fiber is utilized for convert- 
ing the wavelength of said signal light so as to out- 
put converted light having a wavelength X^' (where 
K < V). 

55 

22. A wavelength converter according to claim 21, 
wherein said converted light to be outputted has an 
optical power higher than that of said signal light in- 
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putted. 

23. A wavelength converter according to claim 21, 
wherein said nonlinear optical fiber has a dispersion • 
value of at least -0.2 ps/km/nm but not exceeding 5 
+0.2 ps/km/nm with respect to said excitation light 
having a wavelength Xp. 

24. A wavelength converter according to claim 21, 
wherein said converted light has a wavelength 10 
•of at least 1 .45 pm but not exceeding 1 .53 u/n. 

25. A method of making an optical fiber, said method 
comprising: 

a first step of preparing a core glass rod to be- 
come a core region made of SiO a doped with a 
predetermined amount of Ge0 2 by synthesiz- 
ing glass by \^AD or OVD method and extend- 
ing thus synthesized glass so as to attain a pre- 20 
determined outer diameter; 
a second step of preparing a first cladding glass 
pipe to become a first cladding region made of 
Si0 2 doped with a predetermined amount of F 
by synthesizing glass by VAD or OVD method 25 
and extending thus synthesized glass so as to 
attain a predetermined inner diameter and a 
predetermined outer diameter: 
a third step of heating said first cladding glass 
1 pipe wh He causing a predetermined gas to flow 30 

on an inner face thereof and carrying out etch- 
ing for smoothing said inner peripheral surface 
thereof; 

a fourth step of inserting said core glass rod into . 
said first cladding glass pipe, baking said core 35 
glass rod and first cladding glass pipe at a pre- 
determined temperature of at least 1300°C, 
and then integrating said core glass rod and 
first cladding glass pipe together upon. heating 
so as to yield an intermediate glass rod; 40 
a fifth step of adjusting the ratio between the 
respective outer diameters of said core region 
and first cladding region in said intermediate 
glass rod, and then forming a glass body to be- 
come a second cladding region on an outer pe- 45 
riphery of said intermediate glass rod so as to 
prepare an optical fiber preform; and 
a sixth step of drawing said optical fiber preform 
upon heating so as to prepare an optical fiber 
comprising, at least, said core region having a so 
maximum refractive index value of n^ said first 
cladding region, disposed at an outer periphery 
of said core region, having a minimum refrac- 
tive index value of n 2 (where n 2 < n n ); and said 
second cladding region, disposed at an outer 55 
periphery of said first cladding region, having a 
maximum refractive index value of n 3 (where n 2 
< n 3 < n n ); 



wherein said core glass rod and first cladding 
glass pipe are integrated upon heating in said 
fourth step under a condition where said heat- 
ing temperature is not higher than 1800°C, the 
outer peripheral surface of said core glass rod 
has a roughness of 5 i±m or less, the inner pe- 
ripheral surface of said first cladding glass pipe 
has a roughness of 5 ujti or less, and the Ge0 2 
concentration in an area having a thickness of 
2 ujti or less from the outer peripheral surface 
of said core glass rod has a maximum value of 
5 mol% or less; and 

wherein said optical fiber prepared in said sixth 

step has, as characteristics with respect to light 

having a wavelength of 1 .55 yjn, 

an effective area of 11 u.m 2 or less, 

a cutoff wavelength X c of at least 0.7 \um but not 

exceeding 1 .6 \xm at a fiber length of 2 m, and 

a nonlinear coefficient of at least 1 8/W/km. 

26. A method of making an optical fiber according to 
claim 25, wherein said optical fiber prepared in said 
sixth step further has, as characteristics with re- 
spect to light having a wavelength of 1 .55 u.m, 

a transmission loss of 1 .0 dB/km or less, and 
a polarization mode dispersion of 0.3 ps/Jkmor 
less. 

27. A method of making an optical fiber according to 
claim 25, further comprising, between said fifth and 
sixth steps, a seventh step of using said optical fiber 
preform obtained in said fifth step as a third inter- 
mediate glass body, forming a hole in said first clad- 
ding region or second cladding region of said third 
intermediate body, and then inserting a glass rod to 
become a stress providing section into said hole so 
as to prepare an optical fiber preform; 

. . , . wherein, in said sixth step, said optical fiber 
preform prepared in said seventh step is drawn up- 
on heating so as to prepare said optical fiber com- 
prising said core region, said first cladding region, 
. said second cladding region, and said stress pro- 
viding section for providing a stress to said core re- 
gion; said optical fiber having, as characteristics 
with respect to light having a wavelength of 1 .55 u,m, 

a transmission loss of 3.0 dB/km or less, and 
a crosstalk of -1 5 dB or less between polarized 
waves. 
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